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Los cinco factores formadores del suelo descritos por Jenny en 1941: clima, relieve, 
actividad biológica, litología y tiempo, dependen del agua.  Su degradación, especialmente 
debida a la pérdida por erosión, es uno de los graves problemas a los que se enfrenta la 
humanidad para su subsistencia en el planeta. Por ello, no solo hay que conservar el suelo, 
sino que es necesario conocerlo más bien para mejorarlo, y, en particular, para estimular 
los procesos formadores, y de ahí el papel relevante del agua. En esta tesis se analiza la 
evolución de la humedad del suelo durante un cierto periodo de tiempo en una zona en la 
que se ha detectado una meteorización intensas de rocas de granito en la Sierra Morena.  
 
Se han estudiado los procesos hidrológicos de una cuenca formada sobre material 
granítico situada en el término municipal de Cardeña (Córdoba, España), que vierte al 
arroyo Martín Gonzalo afluente del Río Guadalquivir en su margen derecha. Se instaló una 
red sensores en campo, con sistema de transferencia de datos GPRS para la determinación 
de la dinámica de humedad y la temperatura del suelo, en unas laderas que convergen en el 
cauce del arroyo mencionado, una orientada hacia el norte y otra hacia al sur, para 
discernir el efecto de la distinta insolación sobre ellas. Se ha medido, también, la variación 
de la profundidad de la capa freática que hay en la ladera orientada hacia el norte. 
Finalmente, se ha explorado la formación de suelo con un modelo unidimensional en el se 
combinan procesos físicos y químicos de meteorización.  
La humedad del suelo sigue trayectorias muy similares entre ambas laderas tanto 
ella como la vegetación estimada por el índice de vegetación diferencial normalizado (NDVI) 
muestran diferencias notables. La vegetación absorbe agua de distintas zonas tanto del 
suelo como del resto de la franja de la zona vadosa, lo que algunos llaman la ‘humedad de 
la roca’. La temperatura puede indicar la variación de la humedad del suelo. El nivel 
piezométrico del acuífero somero responde de forma rápida a la recarga generada por los 
diversos chubascos. Por último, la simulación de la formación del suelo a través del índice 
CDF, usando el modelo SoilGen, muestra una buena correspondencia entre valores medidos 
y simulados, R2=0.47. La variabilidad del índice depende en mayor medida de la hidrología 








The five soil-forming factors described by Jenny in 1941: climate, relief, biological 
activity, lithology, and time, depend on the water. Soil degradation, especially due to 
erosion, is one of  the most serious problems facing humanity for its subsistence on this 
planet. Therefore, we should not only conserve the soil but also enhance their forming 
processes, where the relevance of  the water comes from. This dissertation analyzes the 
evolution of  soil moisture for a four years period in an area where an intense weathering of  
granite rocks has been detected.  
The research area is a watershed forming on granitic terrane located near the village 
of  Cardeña (Córdoba province in southern Spain), which flows into the Martín Gonzalo 
Creek, a tributary of  the Guadalquivir River, on its right margin. A soil moisture and 
temperature sensors network coupled to a GPRS data transfer system was installed on two 
opposite hillslope that converge in the course of  the creek, one north-facing, and the other 
south-facing, in order to assess the effect of  the different insolation on them. The water 
table depth on the north-facing slope was also measured on several piezometers. Soil 
formation processes were simulated with a one-dimensional model combining physical and 
chemical weathering processes. 
Soil moisture followed similar trends in the two hillslopes, although both soil 
moisture and vegetation, as estimated by the Normalized Difference Vegetation Index 
(NDVI), showed notable differences between them. Vegetation uptook water from different 
water pools, soil as well as the rest of  the vadose zone, what is also known as rock 
moisture. Temperature can trace field soil moisture changes. The piezometric level of  the 
shallow aquifer responds fast to the recharge induced by the rain pulses. Finally, the 
simulation of  soil formation through the Chemical Depletion Fraction (CDF), using the 
SoilGen model, shows a good correspondence between simulated and measured values, 
R2=0.47. The variability of  the index is better explained by hydrological variables than by 
the position along the catena. The model sensitivity evaluated with a precipitation gradient 
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Chapter 1  
General Introduction and Objectives 
 
 




1.1. General background 
 
The five soil-forming factors described by Jenny (1941): climate, living organisms, relief, 
parent material, and time are water dependent (Kirkby, 2016). Soil is essential storage in 
the water cycle not for the volume it represents, but because of its continuous renovation 
which allows easy access for humans, fauna, and flora. Soil water content, or soil moisture, 
in the vadose zone, defined as the unsaturated porous space overlying the zone of 
saturation (Meinzer, 1923),  plays a major role in food security, human health, ecosystems 
organization and biodiversity, and weather predictions (McColl et al., 2017).  
In recent years, and, in particular, in the summer season of 2021, devastating wildfires and 
floods hit Europe. The recent heatwave has caused an increase in temperature to almost 
the highest recorded in Europe, 48ºC (Greece, July, 10,1977), and wildfires in Turkey, 
Greece, and other countries have already calcined thousands of hectares causing grave 
losses without unprecedented proportions. However, while different parts of South Europe 
are affected by heatwaves, heavy rains have caused flooding in Central Europe: Germany, 
Belgium, or the Netherlands even in northern Turkey after wildfires ravaged the south of the 
country.  Based on floods that occurred last years, Blöschl et al., (2015) explored changes 
in the flood magnitudes and frequency that have occurred in the past decades in a 
European overview. They pointed out that differences in the observational window would 
therefore introduce uncertainty in the analysis, with increasing or decreasing trends depend 
on the period selected. Regarding future predictions of floods, they proposed to focus on 
changes in the drivers triggering the floods in the three compartments:  atmosphere, 
catchment, and rivers.  
The key role of soil moisture in the hydrological behaviour of the catchment determinant of 
flood and wildfire risk and the severity of soil degradation point out that there is an urgent 
need for improving the understanding of soil-water-plant interaction (Kirkby, 2016). In a 
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recent paper, Krueger et al. (2021) pointed out the important role of soil moisture-based 
decision tools, from an agronomic perspective, to estimate grassland biomass production 
using soil moisture measurements taken on the state of Oklahoma (USA) from 1997 to 
2017. 
1.2. Water in the Critical Zone 
 
Soil moisture which, among other effects, controls the partitioning of water and energy 
fluxes at the land surface (Vereecken et al., 2008),  has been studied at many different time 
and spatial scales, and monitoring, mostly indirectly, using different techniques: neutron, 
impedance or capacitance probes, time-domain reflectometry (TDR) and remote sensing 
methods  (Ochsner et al., 2013). In situ and remote measurements of soil moisture are 
employed as predictors of floods, landslides, or wildfires. Sungmin et al. (2020) carried out 
a global analysis based on 18-year fire and soil moisture data (2001-2018) in similar 
climate regions: in arid regions, fires are preceded by wet soil moisture anomalies while in 
contrast in humid regions fires are preceded by dry soil moisture anomalies. In this way 
modelling and fire predicting may be improved with the role of soil moisture as predictors. 
Furthermore, Massari et al. (2014) pointed out the potential of soil moisture improving 
modelling runoff and flooding generation.  
Although Ashley (1998) first coined the term Critical Zone (CZ) as “Surface to Bedrock-the 
Critical Zone. The upper few meters, are crucial for life” more than two decades ago, it 
remains still new. The CZ is defined as the Earth near-surface layer from the top of the 
vegetation to the bottom of the groundwater where rock, soil, water, air, and living 
organisms interact and regulate the natural habitat and determine the availability of life-
sustaining resources (National Research Council (NRC), 2001). In 2006, The National 
Science Foundation (NSF), USA, starts a network of nine Critical Zone Observatories (CZO) 
to study in an interdisciplinary way the physical, biological and chemical processes that 
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shape the Earths’ surface in a wide range of geological, climatic and land use environments. 
Following the success of the CZO program, whose funding concludes in 2021, a new project 
will focus on studying nine CZ networks clusters instead of a single observatory. The CZOs 
have been replicated around the World ever since. Different works have studied CZ 
architecture. Rempe & Dietrich (2014) proposed a model to predict the CZ thickness along 
a hillslope, pointing out years later the importance of the thickness of the weathered zone 
because of the water stored there or what they defined as rock moisture a hidden component 
of the water cycle, a particularly important component in supporting vegetation in a climate 
with a dry period, such as the Mediterranean climate. The coupled study of complex 
interactions between plants and soil and subsurface hydrology is still poorly developed but 
necessary to understand the importance of the weathered zone to support vegetation (Fan 
et al., 2019) and the interplay on the determination of depth and structure of the CZ. Water 
percolation in the unsaturated zone has a strong effect on soil’s thermal regime because of 
the convective heat transfer and induces soil temperature differences (Nassar & Horton, 
1992).  Heat transport in the soil may be used as a hydrogeological tracer in phreatic 
aquifers (Constantz et al., 2003). To explore the hydrological processes and the CZ 
structure direct field observations and drilling were made within the study site, Santa 
Clotilde CZO in a granitic watershed of the Sierra Morena, close to Cardeña (Córdoba, 
Spain). Chapter 2 introduces the site and the methods used.  
The study of the CZ structure (Fig.1.1) using hillslope as instrumentation and modelling 
scale, is crucial to understand how hydrological processes are driven (Rempe & Dietrich, 
2018). In hillslopes and watersheds, every point is influenced by upslope areas and each of 
them has unique behavior (Kirkby, 2016).  Lateral drainage and aspect determine the 
difference in hillslope CZ structure (Fan et al., 2019). 




Figure 1.1. The Critical Zone. Modified from Chorover, J., R. Kretzschmar, F. Garcia-Pichel, and D. 
L. Sparks.  2007.  Soil biogeochemical processes in the critical zone.  Elements 3, 321-326. 
(Artwork by R. Kindlimann). 
The amount of data was integrated, because of the water flow critical importance in soil-
forming processes, in the SoilGen mechanistic model developed by Finke & Hutson (2008). 
Although lateral drainage is not included soil toposequences are studied with this model 
because it includes water flow, according to Opolot et al.(2015) it is often missing in soil 
development models.  
1.3. Focus of this thesis 
 
The research contained in this dissertation was part of the coordinated project “Optimizing 
vegetation use in concentrated flow areas of cultivated fields for minimizing soil erosion and 
offsite contamination and enhancing landscape values and biodiversity (OPTVAGUADA)”. 
The general objective of this project was “to understand the ecohydrology of spatially 
concentrated use of vegetation (particularly riparian buffer strips) in olive and dehesa 
farmland using a combination of field studies including high resolution soil moisture data 
and model analysis”. To accomplish this objective the Project encompassed three 
subprojects, the PhD research presented here focused on subproject 3: “Estableciendo un 
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Observatorio de la Zona Crítica para la Hidropedología y Agricultura sostenible en el 
Mediterráneo” (AGL2015-65036-C3-2R) whose overall objective was to study the 
hydrological, biological and edaphic processes that form the CZ.  The main and specific 
objectives and organization of this PhD research are discussed in the subsequent sections. 
1.4. Objectives 
 
The main objective of this study is the overall characterization of soil moisture over a 
granitic Mediterranean catchment and its interaction with soil formation processes.  
The specific objectives addressed in this study include: 
1. To analyze soil moisture evolution patterns in a hilly Mediterranean catchment in 
granitic soils identifying the influence of vegetation, the presence of unweathered 
bedrock, and the relief. (Chapter 2,4,5; García-Gamero et al., 2021). 
2. To explore the interaction between soil moisture and soil-forming processes in a hilly 
Mediterranean catchment in granitic soils. (Chapter 3;García-Gamero et al., 2021[in 
review]) .  
3. To estimate aquifer recharge and explore water table evolution in a hilly 
Mediterranean catchment in granitic soils. (Chapter 6). 
4. To explore the interaction between soil moisture and soil temperature in a hilly 
Mediterranean catchment in granitic soils. (Chapter 7).  
1.5. Thesis Outline 
 
This thesis has been divided in eight (8) chapters:  
Chapter 1: A general introduction to this thesis.  
Chapter 2: On two opposing hillslopes of a semi-arid, Mediterranean catchment in southern 
Spain, the study of the interaction between hydrology, terrain and vegetation have been 
performed through soil moisture, vegetation, and water table dynamics measurement, to 
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quantify the aspect influence on ecohydrological dynamics of an oak-woodland savanna or 
“dehesa”.  
Chapter 3: Chemical weathering is modelled and compared to topographical position and 
hydrological parameters through the chemical depletion fraction (CDF) (Riebe et al., 2003) 
defined as the ratio of total denudation corresponding to chemical weathering. Such a 
model may be used to evaluate global change and address decisions.  
Chapter 4: To complete Chapter 2 a temporal stability analysis of soil moisture and a 
Principal Component Analysis was performed to evaluate the spatio-temporal variability of 
soil moisture on two opposing hillslopes of a semi-arid, Mediterranean catchment in 
southern Spain.  
Chapter 5: The purpose is to illustrate the aspect effects on the early stages of recharge and 
discharge processes on soils located on two opposing hillslopes of a semi-arid, 
Mediterranean catchment in southern Spain, one oriented towards the south, or toward the 
Equator in global terms, and another one oriented towards the north, or toward the Poles.  
Chapter 6: To document the water flow through the unsaturated zone and groundwater 
recharge, the piezometric levels of a hillslope aquifer on a granitic formation have been 
measured during experimental research on the hydrological, rock weathering, and soil-
forming processes, in the Cordobesian part of Sierra Morena in southern Spain. The 
estimation of the Master Recession Curve using the water table fluctuation method 
allows an estimation of the aquifer recharge pulses and the specific yield.  
Chapter 7: The use of heat as a hydrogeological tracer in phreatic aquifers has been applied 
to the analysis of the soil water recharge from the study of the temporal variation of the 
temperature measured at several depths along a large period. 
Chapter 8: Gives general conclusions and areas for future research. 
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The interaction between hydrology, 
terrain, and vegetation, is an essential 
element in understanding complex 
landscapes, and in forecasting their 
evolution under climate change. In 
Mediterranean Europe, few studies have 
been performed on the interrelation 
between them. In this study, soil 
moisture, vegetation, and water table 
dynamics were measured on opposing 
hillslopes of a semi-arid, Mediterranean 
catchment in southern Spain, to quantify 
the aspect influence on ecohydrological 
dynamics of an oak-woodland savanna or 
“dehesa”.  
Observations of a network of 32 soil 
moisture sensors on two opposing 
hillslopes, a north-facing slope (NFS), and 
a south-facing one (SFS), detected a 
similar moisture dynamics, although the 
influence of the vegetation induces a 
lagged response where the NFS dries out 
earlier compared to the SFS. Analysis of 
successive soil water profiles after storm 
events suggests that the water moves 
downwards as an unsaturated preferential 
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flow along the walls of the fractured granite material, with residence times between 16.3 
and 36.7 days. Our results show that there is a direct coupling between the hillslope 
hydrology, the depth of the weathered bedrock, much higher on the NFS, and the vegetation 
dynamics. Vegetation is much denser on NFS, as LIDAR-derived biomass estimates were 
29% higher than on the SFS. The evolution of the normalized difference vegetation index 
(NDVI), obtained from the Sentinel-2 time series, also shows completely opposing trends 
with a minimum value at the end of winter for the NFS, whereas the SFS reaches minimum 
values in summer. A significant correlation between NDVI and soil moisture was found for 
the SFS (Pearson’s R of 0.81). However, this correlation is very poor on the NFS, but a good 
correlation with water table was found (R=0.46). This shows how the deep weathering on 
the NFS allows for an additional water source, contained in the rock moisture and saturated 
zone, that represents an important source for the vegetation, whereas on the SFS only soil 
moisture supports the vegetation. These vegetation differences in turn directly impact 
surface soil moisture, leading to the observed, relatively similar trends on both hillslopes.
Keywords: Soil moisture; Slope aspect; Mediterranean environments; Shallow aquifer 
recharge.  





Soil moisture, plants, and their inter-relations are the base of ecohydrological studies 
(Eagleson, 2002), especially in water-limited arid and semi-arid systems (D’Odorico et al., 
2010). Different works have shown the impact of topography, soil properties, radiation 
(e.g., Bennie et al., 2008), and vegetation cover, on the spatial and temporal variability of 
soil moisture in dry environments (Cantón et al., 2004) and in wetter, colder landscapes 
(Kim, 2009). Solar radiation also exerts a significant control over the spatial organization of 
ecohydrological processes, such as: rainfall interception, evapotranspiration, root uptake, 
runoff generation, and vegetation canopy dynamics (Yetemen et al., 2015). 
Different studies have addressed the effect of aspect on ecohydrological dynamics. 
Gutiérrez-Jurado et al. (2013) observed that the energy input was more important than the 
vegetation in the control of the surface water transfer processes, in the Sevilleta National 
Wildlife Refuge in New Mexico (USA) as being a major cause of the valleys’ slope 
asymmetry. In this area, the north-facing slopes (NFS) were wetter and colder than the 
analogous south-facing slopes (SFS). In a similar study, in the Jemez watershed in northern 
New Mexico, Zapata-Rios et al. (2016) detected a reduction in the incoming radiation by 
NFS which resulted in a smaller vegetation cover than the analogous east-facing slopes 
(EFS). Consequently, these authors found that the water partitioning between vaporization 
and soil wetting in the watershed, whose ratio is defined as the Horton index, was lesser in 
the NFS than in the EFS.  
It is well known that slope aspect is also related to asymmetry in hillslope geomorphology 
(Istanbulluoglu et al., 2008), but only recently, critical zone research has linked aspect to 
even deeper changes, in soil properties and the architecture of the critical zone. Geroy et al. 
(2011) found that the NFS soils formed on the Idaho batholith not far from Boise (USA), 
have a greater porosity, more organic matter, and a higher silt content than those on the 
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SFS. They did not explicitly study vegetation differences, and while there is clearly a higher 
vegetation cover on NFS compared to SFS in their study site, they attribute these 
differences in soil properties to complex interactions between microclimate, vegetation, 
lithology, material resource source and erosion. In view of such complex interactions, 
Poulos et al. (2012) proposed a hillslope asymmetry index, HA, to homogenize the 
asymmetry comparison caused by different drivers: tectonic, climate, and hydrological. In 
any case, the observations of Geroy et al. (2011) agree with the measurements of soil 
hydraulic conductivity in asymmetric slopes in Gabilan Mesa, in California (USA), made by 
Richardson et al. (2020), which were greater in NFS than in SFS, concluding that surface 
runoff was the main reason for that asymmetry. 
A recent review of Pelletier et al. (2018) summarized most of the research done on slope 
aspect controls on Critical Zone processes and reviews the causes for the hillslope 
asymmetry that is observed at different latitudes. They introduced a model separating the 
water-limited and temperature-limited soil mantle cases and distinguishing a temperature 
threshold in both Earth hemispheres. They also proposed the terminology pole- and 
equator-facing hillslopes, instead of NFS and SFS, to generalize in both Earth hemispheres. 
Otherwise, the results of the studies would be only valid for the corresponding hemisphere 
in which the study area is located, as is the case with the aforementioned works whose 
results are valid only for the Northern hemisphere. Kumari et al. (2020), adopting this pole 
and equatorial‑facing slopes terminology, highlight the importance of seasonal variations in 
the aspect effects of the valley asymmetry. 
A relatively unknown component of the hydrological cycle whose importance was recently 
brought to light is rock moisture, which is the water stored in the vadose zone of the 
fractured bedrock. It is well known that vegetation in areas with thin soils extracts water 
from fractured bedrock, exploiting either groundwater or rock moisture (Lubczynski et al., 
2009). Eliades et al. (2018) measured with sap flow sensors that this contributed over 70% 
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of the transpiration of Mediterranean pine trees in Cyprus. However, Rempe and Dietrich 
(2018) were among the first to specifically quantify the contribution of rock moisture as a 
significant source of water, containing up to 27% of the annual rainfall in their study site in 
the Northern California Coast ranges, USA. Schmidt and Rempe (2020) were the first to 
quantify water dynamics of rock moisture by nuclear magnetic resonance. Hahm et al. 
(2020) corroborated the importance of rock moisture for vegetation dynamics. With isotope 
tracers, they showed how oak transpiration during the summer dry season in California was 
drawn from the fractured bedrock. They found that the depth of dynamic storage reaches 
up to 9 m and claim that this would reflect the depth of root water uptake, which will need 
to be confirmed by further studies. Hahm et al. (2019) found that regional plant 
composition along the Northern California Coastal ranges was controlled by the thickness of 
the subsurface critical zone, and therefore by the size of this rock moisture reservoir, i.e., 
the moisture content within the vadose zone that is not properly soil (e.g., Meinzer,1923). 
Hahm et al. (2019) analyzed vegetation differences between seven catchments from the 
Northern California coast range. They found important differences in plant productivity and 
mortality and relate these differences to the size of the rock moisture storage capacity. 
Counterintuitively, they conclude that catchments with a low subsurface water storage 
capacity would be less sensitive to rainfall variations.  
It is clear that the coupling between vegetation dynamics on the one hand, and soil and 
subsurface water dynamics, on the other remains poorly understood. The impact of aspect 
on the interaction of these factors has not yet been analyzed. If the conclusion of Hahm et 
al. (2019) hold, differences between plant productivity could also be expected as a function 
of topography, as critical zone architecture and soil properties differ as function of aspect.  
Also, while some studies have analyzed the effect of aspect or topographic position on soil 
moisture, or the effect of aspect on vegetation dynamics, very few studies have examinated 
the interrelations between them. In any case, it is also not clear what happens in other 
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regions and landscapes and this requires further study. In Mediterranean Europe, few 
studies have been performed on the interrelation between landscape position, soil moisture 
and vegetation (e.g., Nadal-Romero et al.,2014) and no studies on rock moisture have been 
done. In this region, there is a common semi-natural land use system called dehesa or 
montado (in Spain and Portugal, respectively) which is ideally suited for such further study. 
This land management system is also called a Mediterranean savanna (Eagleson and 
Segarra, 1985; Scholes and Archer, 1997), as it consists of a homogeneous grassland with 
woody plants. On the local scale, the influence of tree canopies (mainly Quercus ilex L, 
Quercus suber L, and Quercus Pyrenaica Willd.) is detected by the increase in actual 
evapotranspiration and the reduction in the water yield in the analogical processes 
occurring in the open space between trees as evaluated by Joffre and Rambal (1993). 
The main objective of this work is to explore the valley asymmetry characteristics of a 
dehesa system by considering the soil moisture evolution and its controlling factors. The 
specific objectives are: (i) to analyze soil moisture dynamics in different landscape 
positions, (ii) to determine the specific aspect influence on the soil moisture dynamics and 
hillslope hydrology, (iii) to quantify vegetation response through the normalized difference 
vegetation index (NDVI) on two opposite slopes in a dehesa watershed, and analyze its 
relation to soil moisture and water table evolution.  
2.2. Material and methods 
 
2.2.1.  Study area 
 
This study was conducted in a semi-natural area of oak-woodland savanna or dehesa, 
located in Sierra Morena in the north of the region of Córdoba (Fig. 2.1a), southern Spain 
(38.2° N; 4.17º W, 700 m a.m.s.l.). The Sierra Morena ecosystem is included in the Natura 
2000 network, protected by the Habitat Directive 92/43/EEC. 
The zone has a continental Mediterranean climate (BSk) in the Köppen-Geiger diagram 
Chapter 2: Factors controlling the asymmetry of soil moisture and vegetation dynamics in a hilly Mediterranean catchment 
40 
 
(Peel et al., 2007), with an average annual rainfall of 878 mm (from 1981 to 2010), cold 
winters and dry, long summers. The mean annual air temperature is 15.3 ºC, with the 
coldest month being January, with a mean monthly temperature of 7ºC, and the hottest 
July, with a mean monthly temperature of 25.4ºC (Carpintero et al., 2020).  
The study site (Fig. 2.1c) is within the so-called Santa Clotilde Critical Zone Observatory 
(CZO) and is named after the privately-owned Santa Clotilde farm, where it is located. This 
CZO is situated within the 48.3 km2 catchment draining into the Martin Gonzalo reservoir. 
There is a vegetation difference, which could be attributed to the aspect. With the purpose 
of exploring this potential asymmetry, opposing north and south-facing slopes were 
selected to install soil moisture monitoring equipment. To simplify the analysis, we will 
henceforth refer to these as respectively, NFS and SFS. In this study area, vegetation 
composition in the NFS is dominated by a closed canopy of evergreen oaks (Quercus spp), 
95% of trees and bushes cover, in association with 5% of annual grasses cover while the 
SFS is a wooded grassland with sparse oaks, 60% of trees and bushes cover, 20% of annual 
grasses and 20% bare soil. 
Soils in the catchment are derived from Los Pedroches batholith parent material, composed 
of a main granodioritic unit, several granite plutons, and an important acid- to- basic dyke 
complex (Carracedo et al., 2009). These soils belong to the orders Regosols, Leptosols, and 
Cambisols under the FAO-Unesco World Reference Base (IUSS Working Group WRB, 2015). 
Their texture class is mainly sandy to sandy loam, with a depth generally ranging between 
0.5 m along the south aspect part of the transect and 1.0 m along the northern part of the 
transect (Román-Sánchez et al., 2018).  
The climatic seasonality, comprising a long dry summer, and the low fertility of the soil 
make agriculture unsustainable in this area all year round. As Joffre et al. (1999) explained, 
the old transhumance system was abandoned and sheep were replaced locally, and almost 
all over this environment, by beef cattle and the Iberian pig, the largest direct product of 
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this dehesa. The cattle graze equally throughout the area though avoiding steep parts, with 
a diet based on natural grasses and other supplementary feeding. The Iberian pig is fed on 
acorns and grass from October to January.  
The livestock contributes to the dispersion of the natural pasture seeds and their fertility. 
Vegetation in a dehesa consists of, as anticipated at the beginning of this subsection, 
sparse trees: holm (Quercus Ilex L.), cork oaks (Quercus suber), Portuguese oak or Valencian 
oak (Quercus faginea), and other species with no or a scant capacity for natural 
regeneration, and a tree senescence of 150 years for Quercus suber and 250-300 years for 
other species (Olea & San Miguel-Ayanz, 2006). Bushes, retama (Retama sphaerocarpa L.), 
and annual grasses such as Lolium sp., Bromus sp., and Trifolium sp., with a maximum 
production in spring and a non-vegetative period in summer are common in the watershed.  
 
Figure 2.1. (a) General Location of the study zone in the north of the region of Córdoba, southern 
Spain. (b)Detailed overview of the two studied opposing slopes, with the distribution of 7 soil 
moisture monitoring sites that cover two opposing slopes and a piezometric well (yellow dot). Red 
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dots show south-facing slope (SFS) monitoring sites and blue dots show the north-facing slope 
(NFS) monitoring sites. (c) Location of Santa Clotilde farm (black line) and the rainfall, P, (SCS) 
(green dot) and reference evapotranspiration, ET0, (AS) (purple dot) stations. Red and blue dot 
show the location of the soil moisture monitoring sites on the SFS and NFS, respectively. 
2.2.2. Experimental set up  
 
A total of seven soil moisture monitoring sites were chosen (Fig. 2.1b and Fig. 2.2), along a 
toposequence, including two opposite hillslopes, to install soil moisture monitoring 
stations. The NFS ranges in height from 655 to 725 m a.m.s.l and the SFS, from 655 to 
705 m a.m.s.l. (Fig. 2.2). Four monitoring sites (SC10-SC7) were set up along the NFS and 
three monitoring sites (SC4-SC6) along the SFS, to record soil volumetric moisture content, 
bulk electrical conductivity, and temperature. The sensors were set out along different 
landscape positions on each of the opposing slopes, including hilltop, slope and valley 
bottom, as shown in Table 2.1. The exact positions were determined by the accessibility of 
the excavator due to the difficult terrain conditions with high slopes, trees and rocks. The 
difficult accessibility of the area also determined that the line of monitoring sites on the 
NFS was not perfectly convergent with that on the SFS (Fig. 2.1b). Each monitoring site 
consisted of five soil moisture sensors (Campbell Scientific, CS655), at depths of 0.05, 
0.15, 0.25, 0.35, and 0.45 m, except SC4 and SC5, in which the two deepest and the 
deepest sensor, respectively, could not be installed because of the shallower depth to 
bedrock. On the SFS it was observed that hard bedrock directly underlying the soil profile 
while on the NFS we observed the presence of highly weathered saprolite as the excavator 
could easily dig through this material and it could be broken manually. After the sensor 
installation, the profile pits were covered with soil again. Five dataloggersCR200 (Campbell 
Sci., Inc), one CR800, and one CR1000 (Campbell Sci., Inc) were used to monitor all the 
sensors located along the north-south transect. The clocks on the dataloggers were 
synchronized and periodically checked to ensure that the measurement timing throughout 
the site was always consistent. Measurements were recorded at half-hourly intervals from 
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November 2016 to early January 2018, and at 10 min intervals from January 2018 to 
November 2019, providing a precise timing of the arrival of the wetting front with the depth.  
The system is powered by solar cells with a maximum power of 15 W and 12 V that supply 
the necessary energy for data maintenance and storage to the dataloggers.  
 
Figure 2.2. Profile showing soil moisture monitoring sites on NFS and SFS and depth distribution 
of sensors at different locations. Note that the profile pits were covered with soil after the sensor 
installation. 
Topographic factors and soil properties at each of the measuring locations are shown in 
Table 2.1. On average, the sand fraction dominated the particle size distribution (~74.3%). 
The average proportion of coarse gravel was high, i.e., ~32%. Table 2.1 also shows that the 
organic matter content (OM) was scant (~1.06%), which is consistent with the 
Mediterranean climate and topographic conditions. The annual global solar radiation and 
the topographic wetness index (TWI) were calculated using the spatial analysis tools in 
ArcGIS software from a digital elevation model (DEM) with a spatial resolution of 5 m 
(ETRS89 UTM Zone 30). The TWI was derived according to the following relation (Beven 
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Where UCA is the Upstream contributing area and tan Slope is the tangent of the slope 
angle in Equation 2.1.  
Table 2.1. Topographic factors and soil properties, weighted mean for 0-0.50 m, at the measuring 
locations.S, local slope gradient, RAD annual, Annual global solar radiation, TWI, Topographic 
Wetness Index, OM, Organic matter, b, Bulk density, Z, Soil depth, ks, Saturated hydraulic 




Regarding climate data, rainfall was measured with a tipping bucket rain gauge. 
Measurements were recorded at half-hourly intervals by a nearby automated weather 
station Installed by the Andalusian Institute of Agricultural Research and Training (IFAPA) 
(IFAPA, 2020) in the zone (Fig. 2.1c). Also, reference evapotranspiration, computed with the 
Penman-Monteith equation (Allen et al., 1998), was obtained by a weather station installed 






















 SC4 Hilltop 4 1,393 4.50 73.5 20.1 6.4 25.9 1.16 1.47 0.44  








4 1,210 6.24 76.1 15.6 8.3 25.7 1.02 1.66 0.97  




19 1,327 4.12 75.2 19.4 5.4 46.3 1.16 1.52 0.57  
 SC10 Hilltop 2 1,324 4.17 81.5 14.3 4.2 23.0 1.27 1.73 0.50 1.6210-3 
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Agricultura, Pesca y Medio Ambiente, 2020), close to the study area (Fig.2.1c).  
2.2.3. Soil moisture analysis 
 
Soil moisture content, , was determined by converting the dielectric permittivity 
measurement into volumetric moisture content using the Topp equation (Topp et al., 1980), 
which has shown itself to be accurate within a few percent for a wide variety of soils 
(Dalton, 1992; Skierucha et al., 2012), and has eliminated the necessity of soil-specific 
calibrations for most routine applications (Ghezzehei, 2008; Persico et al., 2019). The 
third-degree polynomial Topp equation (Equation 2.2) described the relationship between 
dielectric permittivity and volumetric moisture content in mineral soils. Sensors measure 
electromagnetic wave propagation time, by knowing the length of the probe waveguides. 
The velocity of wave propagation is dependent on the dielectric permittivity of the 
surrounding media (Kirkham, 2014), including both the fine soil and the stones.  
The equation presented by Topp et al. (1980) was: 
𝜃𝑣 = −5.3 × 10
−2 + 2.92 × 10−2𝐾𝑎 − 5.5 × 10
−4𝐾𝑎
2 + 4.3 × 10−6𝐾𝑎
3 (2.2) 
Being  v the volumetric moisture content and Ka the bulk dielectric permittivity of the soil.  
 of the complete 0-0.50 m profile was calculated by averaging the soil moisture of all the 




where min and max are the minimum and maximum  measured, respectively. Thereafter, 
we refer to the effective saturation ratio as soil moisture (s) according to Equation 2.3.  
2.2.3.1. Evolution of depth-averaged soil moisture 
 
In order to obtain a simple measurement of  overall synchrony between the different 
locations along the toposequence, profile-average soil moisture was calculated for each soil 
profile and a pairwise correlation was assessed through the Pearson correlation coefficient 
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(Pearson’s R). The statistical analysis and data management were performed with the 
RStudio software (R Core Team, 2018) and the Hmisc package (v4.3-0; Harrell, 2019). To 
avoid spurious correlations due to underlying trends in the dataset, the Pearson correlation 
coefficient is reported for daily soil moisture increments or first differences, i.e., s’ = s(t) - 
s(t-1), with s(t) being the normalized value at time t. Note that s’ represents the daily change 
of  storage in the soil, due to the evaporation, infiltration and percolation flow.  
2.2.3.2.  Soil moisture probabilistic description  
 
After evaluating the overall correlations of s’ between the different sites, its general 
behaviour was described by means of the analysis of the probability density function (pdf). 
To further inspect the influence of seasonality on soil moisture, two different Weibull pdf’s 
were fitted, one for the dry state, and another one for the wet state. For the dry period, data 
were gathered from April 16 to November 15 and for the wet one from November 16 to 
April 15. Dry state data corresponded to the long periods between rain events while wet 
state data were collected in the rainy periods. Nevertheless, to avoid spurious data, due to 
sudden warm days between rain events, a threshold value of soil moisture was selected for 
the wet state, s = 0.2. No limit value was established for the dry state. Fittings were made 
with the maximum likelihood estimation method (e.g., Bury, 1999 §17.12).  
The pdf of a Weibull random variable is (Bury, 1999 §17.1): 













] 𝑥 ≥ 0 ,  > 0 (2.4) 
x being s,    the shape parameter and   the scale parameter.  
2.2.3.3. Evaluating the aspect influence 
 
In order to assess the influence of  aspect on soil moisture, the dynamics of  two sensor 
sites located on opposing hillslopes, in a similar landscape position on the mid slope, were 
evaluated in detail, SC5 and SC8. These sites were selected because they are expected to 
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best represent the effect of  aspect on SFS and NFS, respectively (fig. 2.1b). The Wilcoxon 
signed-rank test was performed with a significance level of α = 0.05, every two months, to 
compare the two independent groups of samples. Then, we evaluated the underlying causes 
of the differences observed between soil moisture patterns on NFS and SFS. Thus, we 
compared the difference in daily soil moisture storage changes between SFS and NFS, 
concerning rainfall (P) and reference evapotranspiration (ET0). Differences were calculated 
as that between the daily soil moisture storage change on SFS and that of the NFS, i.e. 
sSFS - sNFS = (si+1 – si) SFS - (si+1 – si)NFS with si being the normalized value at time i. 
2.2.3.4.  Residence time 
 
The water-transmitting properties of the soil were estimated with the time scales of the 
surface soil moisture depletion method after a rain pulse of Kurc and Small (2004), and 
adapted as well by Gutiérrez-Jurado et al. (2013) in the Sevilleta watershed field study, τ, 
based on a linear relationship (Equation 2.5) between the moisture loss and the moisture 
content, normalized with the initial value, 1, the final of the drydown, f, and the time, t, 
similar to the T model of Alley (1984), as 
𝜃 = 𝜃𝑓  + (𝜃1 − 𝜃𝑓) 𝑒
−𝑡 𝜏⁄  (2.5) 
τ was calculated following the guidelines of the above authors. A rain event >8 mm and the 
surface , in the first 10 cm, during the days following the rainfall, until the next rain >2 
mm was considered. Then, we made an exponential fit to data and obtained the exponential 
time constants.  
2.2.4. Water table monitoring 
 
The water table fluctuations could only be observed on the NFS because no water table was 
detected on the SFS, whose shallow soil is directly underlain by hard bedrock. A 
piezometric well was drilled and tubed with PVC pipes on the NFS in 2016, in the mid slope 
position, with a diameter of 0.076 m and 9.50 m in depth. A pressure transducer (HOBO 
Chapter 2: Factors controlling the asymmetry of soil moisture and vegetation dynamics in a hilly Mediterranean catchment 
48 
 
U20L-02, Water level (30.6 m) Data Logger) was installed in the well for the monitoring of 
the water table level at 15-min intervals from November 2016 to November 2019.  
2.2.5. Vegetation dynamics 
 
The vegetation indices most used resort to the information contained in the red and near-
infrared (NIR) canopy reflectances. Different studies have employed the NDVI, derived from 
remote sensing data, to couple vegetation changes with hydrology (Zapata-Rios et al., 
2016). NDVI is equal to NIR minus visible radiation divided by NIR plus visible radiation. 
This index defines values ranging from -1.0 to 1.0. 
The Google Earth Engine has been employed to obtain the NDVI from images from the 
Copernicus Sentinel-2, a European wide-swath, high-resolution, multi-spectral mission 
(SENTINEL-2, 2020), with 10-m of spatial resolution. NDVI is one of the best known and 
most used vegetation indices for quantifying the greenness of vegetation, which was 
measured in an area with a 21 m radius, covering a grid of approximately 3 x 3 pixels with 
10-m of spatial resolution, around the SC8 and SC5 location, from November 2016 to 
November 2019. 
In addition, LiDAR data were used to estimate the biomass. These data originate from the 
Spanish National Plan for Aerial Orthophotography -LiDAR project starting in 2009, whose 
objective was to cover the whole Spanish national territory with point clouds with X, Y, Z 
coordinates, and other attributes, obtained by airborne LiDAR sensors; the study area being 
covered between March and May 2014. The point density is 0.5 pointsm-2 and they were 
geo-referenced in the European Terrestrial Reference System 1989 (ETRS89). The 
altimetric accuracy and precision have a Root Mean Square Error (RMSEz) ≤ 0.2 m. The 
ellipsoidal heights obtained were transformed into orthogonal elevations. We work with two 
common products derived from LiDAR, the Digital Terrain Model (DTM) and the Digital 
Surface Model (DSM) available at the Download Center of the Spanish National Geographic 
Institute (CNIG,2020). The DTM product represents the elevation of the ground and DSM 
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represents the tallest point at that location (ground, vegetation and buildings). Filtering 
algorithms were used by CNIG (2020) to create both layers. The difference between the 
DSM and DTM, operation in ArcGIS, gives us the height of the biomass. Then, we estimated 
the volume of biomass considering the 2 m of raster resolution. To get rid of 0 values, we 
set a strict limit of height difference at 1 m.  
2.2.6. Correlation analysis between NDVI, soil moisture and water table level 
 
A correlation analysis by means of  the Pearson correlation coefficient was used to assess 
the relationship between the NDVI values, the profile-average soil moisture, and the 
groundwater level at NFS and SFS. In the latter, the correlation analysis does not include 
groundwater level due to its absence in SFS. 
2.3. Results and discussion 
 
2.3.1.  Soil moisture dynamics 
 
2.3.1.1. Evolution of depth-averaged soil moisture 
 
Soil moisture content responds to the rainfall pulses and the more prolonged spring-
summer increasing period of reference evapotranspiration as observed by other works (e.g., 
Or et al., 2013) in the study period from November 2016 to November 2019 as shown in 
Figure 2.3. In general, the soil dries quite fast to minimum values after the rain pulses. 
The seasonal influence on soil moisture patterns is evident in the data of Figure 2.3. Soils 
are generally wetter during winter and drier during summer, as can be expected in a 
Mediterranean climate.  
Figure 2.3 also depicts the high variability of daily rainfall. The annual precipitation was 
much smaller in 2017 and 2019, respectively, 477.5 mm and 286.6 mm (until 2019-10-
31), compared to 902.3 mm in 2018. Moreover, three rainfall events of over 40 mm 
occurred in March 2018.  




Figure 2.3. Evolution of daily profile-averaged soil moisture content,, for the different locations 
during the study period. Daily precipitation, P, and reference evapotranspiration, ET0, are shown 
at the top.  
The correlation between the soil moisture content of the different sites for the whole 
measuring period is summarized in Table 2.2. Values shown in bold represent a high 
positive correlation with Pearson’s R values of over 0.60. On the NFS, the moisture content 
of each sample point is well correlated with that of the closest location. This points out that 
the locations are wetting and drying out in a similar way. However, there are very important 
disconnections especially between SC10 and SC7 locations. This suggests lateral 
redistribution of soil moisture from hilltop to valley bottom (Fan et al., 2019), e.g., rainfall 
event of May 20, 2018 (Figure 2.3). On the contrary on the SFS, there is a strong 
correlation between SC4 and SC6 locations, which seems to indicate that lateral 
redistribution is not important on this slope because of the shallow soil. The correlation 
between the SC5 and SC6 locations is moderate, just below the subjective limit that we 
define as high correlation, set a 0.60, possibly due to the greater clay content at SC6 
location than that of the SC5. 
The soil moisture content of site SC10, the profile at the top of the NFS, is not well 
correlated with that of site SC4, despite SC4 being in a very similar landscape position at 
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the top of the opposing SFS. Probably due to the differences mentioned above, with 
presence of highly weathered saprolite on the NFS and hard bedrock directly underlying the 
soil profile on the SFS, while on the NFS the water can move to and from the underground 
aquifer, on the SFS the water cannot percolate from the soil profile. However, the mid-slope 
profile on the NFS (SC8) has a high correlation with the mid-slope profile on the SFS (SC5) 
and the valley bottom profile just below on the NFS (SC7) has a high correlation with the 
corresponding position on the SFS. The presence of coarse particles and the different 
structure patterns caused by the partial weathering of the granitic rock induced an 
appreciable variability in the results.  
Table 2.2. Pearson correlation coefficient relating soil moisture trends between different locations. 
Soil moisture series were detrended by calculating s’ = s(t) - s(t-1), see text for detailed 
explanation. Values shown in bold represent a high correlation with values greater than 0.60a. 




Location SC10 SC9 SC8 SC7 SC6 SC5 SC4 
 Hilltop SC10 1 
      
NFS Upper Slope SC9 0.78 1 
     
 Mid Slope SC8 0.56 0.80 1 




0.29 0.51 0.80 
1 




0.45 0.59 0.72 0.73 
1 
  






 Hilltop SC4 0.51 0.74 0.88 0.78 0.76 0.74 1 
a All correlations were significantly correlated with a p-value < 0.05, which is lower than the 
significance level α= 0.05. 
2.3.1.2. Soil moisture probabilistic description 
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The amount of data of effective saturation ratio, s, allows the estimation of a pdf at each 
depth and at the depth-averaged profile (Rodriguez-Iturbe et al., 1999). The adjusted pdf 
showed a bimodal shape with distinct dry and wet states, due to the high seasonality of the 
Mediterranean climate (D’Odorico et al., 2000; Espejo et al., 2016). Two different Weibull 
pdf’s (Equation 2.4) were fitted, one for the dry state, and another one for the wet state, 
and are illustrated in Figure 4 for the NFS hilltop site, SC10.  
 
Figure 2.4.Observed (bars) and fitted (lines) effective saturation ratio pdf for the dry (yellow) and 
wet state (grey) for the NFS hilltop site, SC10. Dry and wet state parameters   (scale) = 0.14 and 
 (shape) = 0.992 and  = 0.6533 and  = 3.781, respectively. 
The parameters of the fitted pdf’s for all monitoring sites are presented in Table 2.3. For 
detailed information of the goodness of the fits and the relationship between mean and 
standard deviation of soil moisture at each location at dry and wet states see the 
supplementary figure S1 and S2, respectively. 
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Table 2.3. Parameters of the probability density functions (pdfs) fitted to the dry and wet soil 
moisture states, , shape parameter, , scale parameter, <s>, mean computed value, σ, standard 
deviation computed value, CV, coefficient of variation and modea, for the different monitoring 
locations.  
 
aIf  is < 1, the mode cannot be calculated (Bury, 1999 Equation 17.10). 
 
For a deeper understanding of the factors affecting the soil moisture, we correlated the 
fitted pdf means for all sites (SC10-SC4) for the wet and dry states, with environmental 
covariates (shown in Table 2.1). The Pearson correlation coefficients are in Table 2.4, where 







 Dry state: Weibull pdf Wet state: Weibull pdf 
Location   <s> σ CV mode   <s> σ CV mode 
SC4 0.9971 0.1638 0.164 0.165 1.003  4.394 0.7140 0.651 0.168 0.258 0.673 
SC5 0.9446 0.1617 0.166 0.176 1.059  .232 0.6857 0.614 0.209 0.340 0.611 
SC6 1.242 0.2356 0.220 0.178 0.810 0.063 4.365 0.6914 0.630 0.163 0.259 0.651 
SC7 0.8229 0.1862 0.207 0.253 1.223  3.992 0.6324 0.573 0.161 0.281 0.588 
SC8 1.12 0.1859 0.178 0.160 0.894 0.025 4.047 0.6856 0.622 0.173 0.278 
 
0.639 
SC9 1.097 0.1502 0.145 0.132 0.913 0.016 3.518 0.7093 0.638 0.201 0.315 0.645 
SC10 0.9919 0.1439 0.144 0.146 1.008  3.781 0.6533 0.590 0.174 0.295 0.602 
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Table 2.4. Pearson correlation coefficient (Pearson’s R) relating mean of the fitted pdf of the dry 
and wet state and soil properties and topographic factors. Values shown in bold represent a high 
correlation with values of over 0.60a. b, Bulk density, Z, Soil depth, S, Local slope gradient, 
RADannual, Annual global solar radiation, TWI, Topographic Wetness Index.  
Soil Property and 
Topographic factor 
Dry State Wet State 
Pearson’s R p-value Pearson’s R p-value 
b -0.21 0.648 -0.79 0.033 
Z 0.48 0.278 -0.72 0.069 
S 0.00 0.996 0.36 0.425 
RADannual -0.16 0.736 0.46 0.304 
TWI 0.85 0.014 -0.26 0.579 
a All correlations were non-significant with a p-value > 0.05, except for TWI for Dry State and 
b for Wet State. 
For dry conditions, the only significant correlation was found with TWI.  This correlation, 
with a coefficient of 0.85, might indicate the predominance of the topography, the gravity 
component of the water flow equation, on the spatial distribution of soil moisture content, 
in absence of other factors like the rainfall, as observed in the many Mediterranean 
landscapes under dry conditions. The importance of TWIs confirms observations by other 
authors, which are widely used to approximate soil moisture patterns (e.g., Beven and 
Kirby, 1979). Nyberg (1996) identified macro-topography as being the cause of a large part 
of the variability in soil moisture by finding that there was a correlation between soil 
moisture content and TWI. Although Penna et al. (2009) reported that the terrain indices 
were poor predictors of soil moisture spatial variability, the TWIs, with a positive Pearson 
correlation coefficient with soil moisture, together with the slope, were found to be the best 
predictors of soil moisture, explaining up to 42% of its time-averaged spatial variability 
from data collected at 3 depths on different measurement points over 3 experimental 
hillslopes in the central eastern Italian Alps. In a review study, Buchanan et al. (2014) 
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observed widely differing correlation strengths, with R2 values ranging between 0 and 0.89.    
Under wet conditions, the correlation with TWI was not significant. However, a significant 
correlation was found between soil moisture content and bulk density, with a Pearson 
coefficient of -0.79. Under wet conditions, an increase in soil moisture was correlated with 
decreasing bulk density, and, consequently with the increase of porosity. This relationship 
coincides with that observed in samples of weathered granitic rocks obtained in San 
Bernardino and San Jacinto Mountains (California, USA) by Jones and Graham (1993). 
2.3.2.  Aspect influences on soil moisture profiles, recharge and residence time 
 
Examining the daily moisture profiles of both SC8 location, with a local slope of 27º, and 
SC5 location, with a local slope of 20º, after the first autumn-winter rain pulses (Figure 2.5) 
a clear distinction appears between them. On the SFS, profile water accumulates at the 
bottom, while on the NFS, the moisture content at the bottom remains roughly constant. 
The small change observed in the moisture content at the bottom of the profile SC8, 
suggests that the water moves downward as an unsaturated preferential flow. Nimmo 
(2012) demonstrated that preferential flow in soil fissures, cracks or macropores does not 
need saturated conditions. In their studies in coastal Mendocino County, in northern 
California, Salve et al. (2012) and Rempe and Dietrich (2018) detected aquifer recharge 
without a perceptible moisture change in the unsaturated weathered zone.  
The soil moisture residence times of the soil computed as Kurc and Small (2004) indicated, 
are displayed in Table 2.5. The residence time for the soil moisture in the first 10 cm of the 
SC8 is about 16 days. Smaller than in the analogous SC5 profile, about 37 days, possibly 
due to the faster transit of water both upwards and downwards in the SC8 profile as 
compared to the upward flow only in the SC5. The values are greater than those reported by 
Gutiérrez-Jurado et al. (2013), possibly due to the smaller evapotranspiration rate 
estimated in the Santa Clotilde site in autumn and spring.  




Figure 2.5. Daily soil moisture content profiles of both NFS (SC8) and SFS (SC5) a) from 
10.17.2017 to 10.20.2017, b) from 02.27.2018 to 03.0.2018, c) from 10.30.2018 to 11.01.2018 
and d) from 10.19.2019 to 10.21.2019. The numbers in each profile indicate date (day followed by 
month). Note problems in the measuring instruments on 03.02.2018 and 03.03.2018 on the NFS. 
Table 2.5. Shallow soil moisture residence time in both SC5 (SFS) and SC8 (NFS). 1, Initial soil 







n , (d) R2 
1, 
(m3m-3) 
n , (d) R2 
10.19.17 28.0 0.130 5 33.9 0.9833 0.120 5 13.2 0.9821 
05.26.18 10.8 0.140 11 43.9 0.9314 0.120 11 26.4 0.9602 
10.31.18 39.0     0.156 4 12.1 0.8918 
04.08.19 12.6 0.120 6 32.3 0.9277 0.180 9 13.4 0.9930 
Mean    36.7    16.3  
 
2.3.3. Relation between soil moisture, water table and vegetation dynamics 
 
In order to analyze the influence of aspect on the interaction between hydrology and 
vegetation of the opposing north and south-facing hillslopes, soil moisture, water table and 
vegetation dynamics were treated jointly in figure 2.6. Soil moisture content measurements 
from sites SC5 and SC8 were used.  Figure 2.6a shows the precipitation, Figure 2.6b the 
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vegetation greenness. Figures 2.6 c, d and e give information on the soil moisture status on 
both opposing hillslopes. Figure 2.6e shows s, for the SFS and the NFS during the study 
period, and the daily difference between both (Δs=sSFS-sNFS) in Figure 2.6c. The Wilcoxon 
signed-rank test performed, every two months (Fig. 2.6d) allowed us to detect the periods 
in which the differences between NFS and SFS were significant (green bar), or not (red bar) 
(Fig. 2.6d). Data gaps indicate a period with problems in the measuring instruments. The 
water table evolution on the NFS is shown in Figure 2.6f. It shows a clear link between the 
maximum values measured in both the water table and in the soil moisture (Fig.2.6e and f). 
Similar results were obtained on an NFS and SFS of Gordon Gulch, Colorado (USA) by 
Langston et al. (2015). They reported a soil moisture series of 2 years and attributed this to 
infiltration events due to snowmelt.  Our case without snow, but with a high saturation of 
the root-zone soil moisture after heavy rainfall events, corresponds well with the recharge of 
the water table. The depletion period of the aquifer goes on beyond the summer season. 
Indeed, minimum water levels are not reached in summer but, rather, during winter 
(Fig.6f). The baseflow draining the aquifer is very slow, and the recharge of small rainfall 
events is inappreciable. Only when long rainfall events occur, is a recharge observed, for 
example in February 2018. 
The differences between soil moisture on the SFS and the NFS revealed an appreciable 
seasonal pattern, with an average of 0.003 and a standard deviation of 0.094. The smallest 
s occurred during summer, as both locations dried out to their minimum value. The 
maximum s was observed during transition periods, illustrating a different or lagged 
response, with one hillslope drying faster than the other one. Positive differences were 
found in the drying phases of 2017 and 2018 when the soil on the NFS started drying 
earlier with respect to that on the SFS. Only two drying periods were found to not be 
significantly different, spring-summer (from May 29 to July 29) 2017 and spring (from 
March 29 to May 29) 2019. Both were similar in that, the profiles on both NFS and SFS 
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were rewetted after a late rain event in May and April, respectively. Those dried out very fast 
due to the high reference evapotranspiration rates during this period (Figure 2.3). Negative 
differences were found during rewetting phases by the first autumn rains. The NFS slope 
captures more efficiently the rainwater than the SFS, increasing their soil moisture content 
as it can be appreciated in the case of the autumn-winter of 2017 (Fig.2.6e). This pattern is 
not observed the other two years, due to the abundance of rain events which recharged the 
soils of both slopes similarly.  
Therefore, both NFS and SFS follow a similar seasonal trend, although small, significant 
differences between NFS and SFS do exist, due to a time lag in their drying response 
caused by the distinct composition of the vegetation cover. The NFS, in spite of receiving 
lower radiation, starts to dry earlier due to a denser tree cover, causing a higher 
transpirative demand. This attenuation of the differences between NFS and SFS contrasts 
strongly with the results of Gutiérrez-Jurado et al. (2013), whose differences on opposing 
slopes of a semiarid catchment in central New Mexico, USA were remarkable. They 
concluded that the water balance on NFS and SFS followed opposing trajectories and that 
evapotranspirative demands were met from distinct soil water pools. In the present case, 
soil moisture does not show any opposing trend. The difference between both studies could 
be attributed to a combination of factors, such as the annual rainfall, the soil texture, but 
most importantly, to the different vegetation cover. Gutiérrez-Jurado et al. (2013) report a 
vegetation cover between 27.4 and 41% on SFS and NFS, respectively. Under these 
circumstances, it is clear that vegetation has a more limited effect with respect to radiation 
on soil water balance. In this study, however, vegetation cover is between 80 and 100%, 
with a significantly higher tree density on the NFS, as will be analyzed below.  




Figure 2.6. The top panel (a) indicates the daily rainfall; the second panel (b) shows the variation 
in NDVI on SFS (orange dots) and NFS (green dots) during the study period; the third panel (c) 
shows the difference between both soil moisture at SFS and NFS, Δ(s) (red line).  Significant 
differences between SFS and NFS are indicated in the fourth panel (d) for each 2-month period. 
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Red indicates no significant differences, while green indicates significant differences (at p=0.05, 
according to Wilcoxon signed-rank test). The fifth panel (e) shows the evolution of soil moisture on 
SFS (orange line) and NFS (green line); the sixth panel (f) shows water table evolution during the 
study period.  
To understand better the underlying reasons for these differences, we compared daily soil 
moisture storage change differences (sSFS - sNFS) to rainfall in wetting periods and to 
reference evapotranspiration in drying periods. The result is shown in Figures 2.7a and b. 
Positive values indicated that soil moisture increased more on SFS in wetting periods and 
decreased less on SFS in drying periods. The results show a higher number of negative 
values (Fig. 2.7a). Negative differences indicate a higher infiltration on NFS, which can be 
attributed to higher infiltration rates. A comparison could be established between the 
saturated hydraulic conductivity (ks) values measured on the Mid Slope positions (SC8 and 
SC5) of both opposing hillslopes (Table 1). The value of ks is higher on the NFS (1.7510-2 
cms-1) compared to that on the SFS (2.3310-3 cms-1). This was similarly observed by 
Richardson et al. (2020), who found significantly higher infiltration rates on a NFS in New 
Mexico, due to its deeper soils and higher organic matter content. This is also the case 
here, with the OM content on the NFS being double that on the SFS, because of the denser 
vegetation cover. The soil depths are similar but, on the SFS, the profile overlies hard 
bedrock, whereas on the NFS there is a deeply weathered saprolite.  This is counterintuitive, 
we would expect positive values due to the interception of denser vegetation on the NFS. 
However, we only observe positive values for high daily rainfall values of over 30 mm, when 
it is very unlikely that vegetation interception will play a significant role, indicating that a 
greater fraction of the rainfall infiltrates and remains in the profile on SFS compared to on 
NFS. These increments follow 3 dry-down sequences, in February and October 2018 (Figure 
2.5b and c, respectively), and April 2017. 
The relationship between daily soil moisture storage change differences (sSFS - sNFS) and 
ET0 for drying periods is shown in Figure 2.7b. No clear relation exists between the 
difference in the drying of the opposing hillslopes with ET0. The differences were not 
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significant, except for ET0 ≤ 1 mm, where positive values indicated faster NFS drying, due 
to water uptake by a denser vegetation cover. For higher values of ET0, no clear trend exists. 
This means that, as soon as both hillslopes start to dry, the drying rates are similar, as 
observed in Figure 2.6e, as both NFS and SFS have a similar slope during the drying phases 
so that no differences between NFS and SFS are found here. The differences between the 
two soil moisture time series in Figure 2.6e are principally due to a short time lag between 
both opposing hillslopes, with the NFS slopes starting to dry out earlier. The time lag was 
calculated for different drying events, resulting in an average value of 4 days. This is 
consistent with Ng and Miller (1980) who attributed the lower soil moisture on the NFS to 
greater vegetation cover and greater transpiration losses, in their study in Southern 
California Chaparral.  
 
Figure 2.7.Relation of the difference between daily soil moisture storage change on SFS and NFS, 
sSFS - sNFS, and (a) daily precipitation, P, and b) reference evapotranspiration, ET0.  
However, very opposing trends between SFS and NFS can be observed in NDVI (Figure 
2.6b). In the three-years the same pattern is repeated, from June to October, the value of 
NDVI on both hillslopes has the same shape, being higher in NFS. The NDVI values on the 
NFS slope showed a clear decline at the end of  the summer followed by recovery after the 
end of  the year. In the SFS, the NDVI decreased from the end of  the spring with a slow 
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recovery initiated at the last part of  the summer.  The average value of  NDVI for the study 
period was 0.49 on the NFS with a standard deviation of  0.062 while on the SFS it was 0.47 
with a standard deviation of  0.061.  
This difference can be explained by the density of trees, which is higher on the NFS, 
aforementioned, whereas the SFS has a greater grass cover. Significant differences have 
been observed in vegetation cover, based on LiDAR-derived vegetation volumes between the 
opposite hillslopes (Figure 2.8). The average vegetation volume on the NFS is 6.7 m3/m2 
with a standard deviation of 2.1, whereas on the SFS it is 5.2 m3/m2 with a standard 
deviation of 1.8. So, it appears that NFS can maintain denser and greener vegetation 
compared to SFS. 
 
Figure 2.8.LiDAR-derived vegetation density function volumes on NFS and SFS. 
These trends are similar to those reported by Liu et al. (2017), in a Mediterranean-type oak-
grass savanna in California. However, as NDVI values remain high during the dry season on 
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the NFS, this indicates that the vegetation must be supported by water coming from a 
different pool than that of the soil pores, as the latter was depleted (Figure 2.6d). The water 
that percolates from the soil moves along the complex networks of fractures and cracks in 
the underlying fractured saprolite. During this movement, the water can be retained in 
some of these fractures, accessible to the tree roots, before reaching the saturated zone. 
This water pool was denominated rock moisture by Rempe and Dietrich (2018) to 
distinguish it from soil moisture. The relevance of this water pool for the survival of trees, 
oak trees, of many semiarid areas has been discussed by David et al. (2004) in a montado 
system in Portugal not far from the study site; Balugani et al. (2017) in western Spain in 
another dehesa ecosystem; and Hahm et al. (2019) in the northern California Coastal 
range.  
In our case, this additional water pool occurs only on the NFS, where, below the soil profile, 
a deep layer of up to 9.50 m of weathered, fractured saprolite lies. This is not the situation 
on the SFS, where hard bedrock, hardly weathered and without any appreciable fractures, 
directly underlies the soil profile. 
To explore the relation between NDVI and soil moisture and water table level in more detail, 
they were correlated directly in Figure 2.9. A significant correlation of NDVI and soil 
moisture for the SFS was found, with a coefficient of 0.81 (Figure 2.9a), with a parabolic 
relationship with indicates that as the soil moisture content increases, the NDVI increases 
as well. This suggests that the soil water pool is the sole source of water for the vegetation. 
However, the analog correlation analysis on the NFS slope is very poor, which confirms that 
vegetation here is not supported by soil moisture but rather by a different water pool 
(Figure 2.9b). Figure 2.9c shows a significant connection of the water table with the NDVI. 
As was discussed earlier, our data suggests that the rock moisture or non soil vadose zone 
water pool is key for the sustenance of the vegetation. The water table itself is probably too 
deep to provide a significant water source for the trees, as no roots were observed below 3 
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m during the fieldwork. While some authors have reported roots up to 16 m (Hahm et al., 
2019) in similar environments, according to Fan et al. (2017), the importance of such 
accidental deep roots is probably low as the mean rooting depth for Quercus spp. is 5.23 m 
(Fan et al., 2017). We propose that the good correlation between NDVI and water table 
depth is rather due to a good correlation of water table and rock moisture content. Although 
we have no direct measurements of rock moisture, recharge and depletion of groundwater 
are related to this pool, throughout a complex interrelation as described by Salve et al. 
(2012).   
 
Figure 2.9. Scatter plots for the soil moisture monitoring period data (from November 2016 to 
November 2019). (a) NDVI vs Soil moisture ('s', unitless) at the SFS, (b) NDVI vs Soil moisture ('s', 
unitless) at the NFS and (c) NDVI vs Water table, m.  Pearson’s R and p-value are displayed in the 
three plots.  
The conceptual model of Figure 2.10 illustrates the Santa Clotilde CZO representing the 
north-south aspect gradient and summarizes the interplay between the subsurface 
structure of the critical zone, the vegetation, and the hydrological processes. Along the 
toposequence, the difference in soil moisture content depends on the vegetation and the 
critical zone structure. The thickness of the critical zone varies from the SFS where the 
unweathered bedrock is just below the soil profile, i.e., 0.60 m depth, to the NFS where a 
deep layer of highly weathered bedrock lies between the soil and the underlying intact 
bedrock, with a total depth of 9.50 m at the mid-slope location. Field observations have 
shown that the thickness of this unweathered bedrock layer increases towards the top of the 
transect. Therefore, while on the SFS the vegetation composition is a wooded grassland, on 
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the NFS the subsurface critical zone structure sustains a closed canopy of evergreen oaks, 
and roots were observed to 3-m depth during fieldwork. On the NFS, the rainfall flows 
vertically through the soil and the thick highly weathered bedrock vadose zone, replenishing 
the rock moisture reservoir. The existence of layers with high hydraulic conductivity in a 
direction parallel to the slope enhances the lateral subsurface movement of vadose zone 
water. Simultaneously, through fractures in the weathered bedrock vadose zone, rainwater 
can flow deeper recharging the underlying aquifer, which was only detected on this slope. 
The presence of underlying unweathered bedrock, with low conductivity, allows seasonal 
groundwater development and lateral downslope redistribution of groundwater. Especially 
at the bottom part of the NFS, runoff may be generated through subsurface flow of vadose 
zone water and/or groundwater (seep or exfiltration), which may flow back across the land 
surface. Conversely, on the SFS hard bedrock directly underlying the soil causing the 
hydrological processes are dominated by vertical infiltration of rainwater. Here, the shallow 
thickness of the soil profile hampers lateral hydrological connectivity. Guang-Rong et al. 
(2020) also pointed out in their study in the Qinghai Lake Basin alpine CZO that the 
thickness of the critical zone on the NFS is larger than on the SFS, being their main findings 
that the hydrological processes on the SFS are dominated by surface flow and strong 
vertical infiltration process, while on the NFS are dominated by the subsurface flow. 




Figure 2.10.Conceptual model illustrating the Santa Clotilde Critical Zone Observatory (CZO) 
representing the north-south aspect gradient and summarizing the interplay between the 
subsurface CZ structure, the vegetation and the hydrological processes. Zooming soil profiles in 
SC5 and SC8 locations, subsurface delineations of the CZ are highlighted on the left side of each 
panel. On the SC8 location, we also distinguish between soil moisture, rock moisture which 
resides in the weathered bedrock vadose zone, and the seasonal groundwater (water table 
depicted with an inverted triangle), which saturates the weathered bedrock, on the right side of the 
panel. Seep points are located at the valley bottom of the NFS. Conversely, on the SC5 due to the 
subsurface structure of the CZ, we only distinguish soil moisture.  
2.4.   Conclusions 
 
In a Mediterranean oak-woodland savanna o dehesa, of southern Spain, soil moisture 
evolution reflects the influence of the strong seasonality, characterized by two different 
Weibull probability distribution functions, one for the wet season with a mode at a degree of 
saturation of about 0.63, and another one with no evident mode as a consequence of the 
Weibull pdf equation, when the shape parameter,  is close to unity, in the dry state. The 
factors that determine the average soil moisture in dry conditions are topographical 
features such as TWI, while in wet conditions, it is soil bulk density. This indicates the 
predominance of the topography on the spatial distribution of soil moisture content during 
dry periods, and soil properties during wet ones.  
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A detailed analysis of the soil moisture profiles shows a fast response of the water table to 
the intense rain pulses. This, as well as the shape of the soil water profiles suggests the 
existence of unsaturated preferential moisture flow in the vadose zone. 
Hillslope aspect exerts a hydrological control through the vegetation and the structure of 
the critical zone. Soil profiles on the SFS are shallow, while on the NFS slope, the soils are 
underlain by a 9.50 m deep layer of highly weathered bedrock. This expands the water 
holding capacity on NFS, that can hold soil moisture, rock moisture and a seasonal water 
table. This allows a greater vegetation density on the NFS slope compared to the SFS, that 
is highly water-limited even though SFS receives more solar radiation. The estimation of 
biomass volumes on both opposing hillslopes confirms the more favourable growth 
conditions of the NFS than those of the SFS.  
The relation between soil moisture, water table and NDVI pattern clearly illustrate these 
feedback effects between vegetation, bedrock weathering and hillslope hydrology. In 
contrast with other studies that found clear differences between opposing slopes, here, the 
soil moisture trends between NFS and SFS are very similar, albeit slightly lagged, with the 
NFS drying out earlier due to the denser vegetation. However, both hillslopes exhibit clearly 
opposing NDVI trends, with a minimum value in winter to NFS and in summer for SFS. 
NDVI was well related to soil moisture on SFS, but not on NFS. However, a good correlation 
was found between water table level and NDVI on the NFS. This allows us to conclude that 
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ABSTRACT 
The sensitivity of chemical weathering to climatic and erosional forcing is well established 
at regional scales. However, soil formation is known to vary strongly along catenas where 
topography, hydrology, and vegetation cause differences in soil properties and possibly 
chemical weathering. This study applies the SoilGen model to evaluate the link between 
topographic position and hydrology with the chemical weathering of soil profiles on a north-
south catena in southern Spain.   
Pedogenesis was measured and simulated in seven selected locations over a 20,000-year 
period. A good correspondence between simulated and measured chemical depletion 
fraction (CDF) was obtained (R2=0.47). An important variation in CDF values along the 
catena was observed, although the position along the catena alone, nor by the slope 
gradient, explained this variation well. However, the hydrological variables explained the 
observed trends better. A positive trend between CDF data and soil moisture and infiltration 
and a negative trend with water residence time was found.  
The model sensitivity was evaluated with a large precipitation gradient (200-1,200 mm yr-
1). While a marked depth gradient was obtained for CDF with precipitation up to 800 mm yr-
1, a uniform depth distribution was obtained with precipitation above 800 mm yr-1. The 
basic pattern for the response of chemical weathering to precipitation is a unimodal curve, 
with a maximum around a mean annual precipitation value of 800 mm yr-1. Interestingly, 
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this corroborates similar findings on the relation of other soil properties to precipitation and 
should be explored in further research. 
3.1. Introduction 
The spatial variability of soil properties is conditioned by the five main soil forming factors: 
Climate, Organisms, Relief, Parent material, and Time (Jenny, 1941). Differences in the 
spatial and temporal distribution of these factors cause both long and short-scale spatial 
heterogeneity. In recent years, different soil formation models have been developed that 
explain the landscape or long-scale soil variability well. Such models range from simple 
mechanistic soil depth ( Minasny & McBratney, 2001) to more complex schemes that link 
different forming and erosion-deposition processes, for example, MILESD or LORICA 
(Temme & Vanwalleghem, 2016; Vanwalleghem et al., 2013). However, the short-scale 
variability, or catena effect, has received much less attention. The interlocking of specific 
soil and vegetation associations at different landscape positions was first described by 
Milne (1935) and is widely used in soil science (Borden et al., 2020). The soil catena can be 
understood from the retention and movement of water and chemical elements linked to 
topography and vegetation (Reuter & Bell, 2001). Recently, Ferrier and Perron (2020)  
constructed a numerical model for the coevolution of topography, soils, and soil mineralogy 
that allowed them to conclude that the hillslope scale has a critical importance in the 
response of chemical weathering rates to changes in tectonics and climate. However, most 
existing soil formation models do not account for hydrology, nor for chemical weathering 
reactions. For example, the models marm3D (Cohen et al., 2010) and SSSPAM (Welivitiya 
et al., 2019) linked landscape and pedogenesis processes for catena spatial scales, but 
while they represent physical weathering and armouring well, they did not account for 
chemical weathering. At present, the only models of soil genesis with the capability of 
simulating water flow, physical and chemical weathering, and chemical equilibriums are 
one-dimensional, for example, SoilGen (Opolot et al., 2015). Despite this limitation, such 
Chapter 3: Modelling the effect of catena position and hydrology on soil chemical weathering 
80 
 
models have been applied successfully at the landscape scale, by modelling the different 
landscape positions independently. Finke (2012) for example modelled 3 soil profiles on 
different topographic positions in the loess belt of Belgium. Finke et al. (2013) modelled the 
spatial variation of soil horizons at 108 locations in a 1,329 ha large forest area in the same 
loess belt region. However, there is still needed to further test these one-dimensional 
models against field data from different environments, and especially, to test their 
capabilities to model chemical weathering.  
Field studies have shown the importance of chemical weathering in the overall soil 
formation processes, and have shown that physical erosion and chemical weathering are 
tightly coupled (Riebe et al., 2004) as the main processes in eroding environments. The 
combination of these processes determines the total denudation rate (Riebe et al., 2001). 
The contribution of chemical weathering (W) to the total denudation rate (D), W/D, can be 
inferred by comparing the concentration of immobile elements in soil and bedrock, through 
the chemical depletion fraction (CDF) (Riebe et al., 2001).  
There is an ongoing debate in the scientific community to whether chemical weathering is 
limited by physical erosion and the supply of fresh particles (e.g Larsen et al., 2014) or 
whether it is limited by reaction kinetics (e.g. Gabet & Mudd, 2009). Generally, it is 
assumed from models and field studies in different environments that soil weathering is 
supply-limited when erosion rates are low, and kinetically limited when erosion rates 
increase, as the shorter soil residence times imply that minerals do not stay in the soil long 
enough to become fully weathered. Larsen et al. (2014) compiled data from the New 
Zealand Alps, among the world’s most rapidly eroding mountain areas, and still found a 
positive relation between physical erosion rates and chemical weathering, indicating supply-
limited conditions. On the other hand, is well established that climate and specifically water 
availability is also an important factor affecting chemical weathering rates (e.g. Maher, 
2011). Climatic factors affect significantly because of the dependency of the chemical 
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weathering types of water to drive the chemical alteration of rocks and are potentially 
accelerated by high temperatures because it affects the kinetics reactions and solubilities 
(Duarte et al., 2018).  Schoonejans et al. (2016) confirmed the significant relation of 
chemical weathering to rainfall, by measuring CDF along a climatic gradient in a semiarid 
environment in the Southern Betic Cordillera (Spain). Whereas much of soil weathering 
research has focused much on the critical control of physical erosion rates on chemical 
weathering, more recent research by Calabrese and Porporato (2020) stresses the control 
of wetness. They suggest that water-limited environments are kinetically limited. Globally, 
they calculate 61% of the land to be kinetically-limited, while only 1% would be supply-
limited. If their findings can be confirmed, it would imply that climatic conditions and soil 
hydrology are much more important than previously assumed. In any case, these authors 
point out that the factors affecting chemical weathering need to further be disentangled 
(Calabrese & Porporato, 2020).  
However, the relation between weathering and water availability is not limited to 
precipitation and evapotranspiration but is also related to other factors such as infiltration 
or topography, and even vegetation. Along a catena, the hydrology is considerably different 
depending on the position (Chadwick et al., 2013). Brantley et al. (2017) developed a 
conceptual model to link chemical weathering reaction fronts to hillslope hydrology. 
Knowing how difficult it is for hydrologists to select models, they developed a conceptual 
model to relate reaction fronts with water flow inside hillslopes, exemplified with field data 
for shale, granite, and diabase. Riebe et al. (2004) made measurements on 42 study sites 
with highly variable climate regimes and they showed that the degree of chemical depletion 
increases systematically with temperature and precipitation. Dahlgren et al. (1997) in their 
work developed along an altitudinal transect in the Sierra Nevada in California (USA) found 
the maximum degree of chemical weathering with intermediate levels of precipitation and 
temperature. Dixon et al. (2016), along 60 km of a north-south toposequence in the Waitaki 
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Valley in the South Island of New Zealand, marked with an important precipitation gradient, 
identified a pedogenic threshold at mean annual precipitation of ~800 mm yr-1. Samouëlian 
and Cornu (2008) pointed out the role of water in soil formation and how the soil moisture 
regime variation and its influence on soil formation processes were not included in several 
models. Indeed, the soil moisture dynamics related to the topographical position has been 
studied by several authors, such as Salve et al. (2012), who have monitored this and other 
variables for 4 years with multiple measurement devices on a hillslope in coastal Mendocino 
County, in northern California, USA. Mudd & Furbish (2006) presented a hillslope model 
that couples the evolution of topography and soil thickness by using immobile minerals. 
They assessed the importance of hydrology on the rate of chemical weathering in hillslope 
soils. Yoo et al. (2007) developed a model that integrated the Riebe et al. (2001) method 
and tested it with experimental data from a watershed in south-eastern Australia for 
simultaneously quantifying the rates of chemical weathering and soil transport as a function 
of hillslope position. Afterward, this work was expanded by Yoo et al. (2009). They 
quantified soil chemical weathering rates along a grass-covered hillslope in the Tennessee 
Valley in Coastal California (USA) and began to elucidate the mechanisms that control the 
topographical dependence on chemical weathering being the next step includes hydrology 
into the model. Langston et al. (2011) explored the role of hydrology in saprolite formation 
through 2-D numerical calculations on two idealized slopes, north (NFS) and south-facing 
(SFS), respectively, in the Boulder Creek watershed, Colorado (USA). Highlighting the 
importance of time and hillslope aspect in the formation of the saprolite and the need to 
couple hydrologic models with reactive-transport models to better understand the 
distribution of chemical weathering intensity. Braun et al.(2016) presented a model for the 
formation of regolith on geological timescales by chemical weathering, pointing out that 
this process has long been neglected in favor of hillslopes physical processes by 
geomorphologists, this process also being the mechanism that leads to the formation of 
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aquifers from the unweathered bedrock (Lachassagne & Wyns, 2011). Previously, the 
weathering zone had been considered the one located over the groundwater level. However, 
Lebedeva & Brantley (2020) formulated a simplified weathering model to explore 
relationships between weathering and the water table taking into account the unsaturated 
and the saturated zone. Because of the need to couple hydrology with chemical weathering 
to understand spatial variability in soil formation, this study applied the SoilGen model 
(Finke & Hutson, 2008) to different pedons and different hydrological conditions along a 
catena in a Mediterranean catchment in southern Spain. Finke & Hutson (2008) created the 
SoilGen model to reconstruct soil development based on present knowledge. It is a 1-D 
solute transport extended with various soil development processes such as physical and 
chemical weathering, clay migration, cycles of various elements including that of C and 
bioturbation, where soil forming-factors (climate, organisms, relief, parent material, and 
time) serve as initial and boundary conditions to recreate soil formation over various parent 
materials. The specific objectives were: (i) to evaluate differences in simulated soil 
development between two opposing, north-south facing, hillslopes, from 20,000 years 
before present to present; (ii) to relate soil development to differences in hydrological 
dynamics and (iii) to evaluate, through sensitivity analysis, the capability of the SoilGen 
model to simulate soil development in a Mediterranean catchment in granitic parent 
material. 
3.2. Materials and methods 
3.2.1. Study site 
The study site is located in a semi-natural area of oak-woodland savanna or ‘dehesa’ (a 
traditional Mediterranean silvopastoral system, Olea & San Miguel-Ayanz, 2006) in 
Cardeña, within the Sierra Morena mountain range, in southern Spain (38.20° N; 4.17º W, 
700 m a.m.s.l.) (Fig.3.1). Seven locations were chosen along a north-south catena, each 
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separated at a distance between 50 and 100 m on two opposite hillslopes. A summary of 
the characteristics of the locations is given in Table 3.1. A full soil profile description was 
made at each point, and soil samples were taken for chemical analysis up till the bedrock. 
Next, five soil moisture sensors were installed in each profile at different depths between 5 
and 45 cm. For details on the soil hydrology dynamics, see García-Gamero et al. (2021). 
According to the Köppen-Geiger climate classification (Peel et al., 2007), the area has a 
continental Mediterranean climate (BSk) with an average annual rainfall of 878 mm (1981-
2010), with cold winters and long, dry summers. The mean annual air temperature is 15.3 
ºC, the coldest month is January, with a mean monthly temperature of 7ºC, and the hottest 
July, with a mean monthly temperature of 25.4ºC (Carpintero et al., 2020).  
Soils in the catchment are derived from Los Pedroches batholith parent material, which 
consists of a main granodioritic unit, several granite plutons, and an important acid-to-
basic dike complex (Carracedo et al., 2009). These fall into three classifications: Regosols, 
Leptosols, and Cambisols according to the FAO-UNESCO World Reference Base (IUSS 
Working Group WRB, 2015). The texture class ranges from sand to sandy loam with a soil 
depth generally ranging between 0.5 m along the south aspect part of the transect and 1.0 
m along the northern part of the transect (Román-Sánchez et al., 2018), according to soil 
observations.  
Vegetation in a dehesa includes sparse trees, holm and cork oaks, shrubs, retama, and 
annual grasses such as Lolium sp., Bromus sp., and Trifolium sp., with maximum production 
in spring and a non-vegetative period in summer (Olea & San Miguel-Ayanz, 2006). 




Figure 3.1. General location map of the study area and a detailed terrain map showing the location 
of the seven analyzed soil profiles along the catena with two opposing north-south facing slopes 
(respectively NFS and SFS, blue and red dots). The inset photo shows a landscape view of the 
study area. Note the green arrow indicates the north. 
Table 3.1. Characteristics of the seven locations (SC4-SC10) in the study site. 
 SC4 SC5 SC6 SC7 SC8 SC9 SC10 
Latitude 38° N 38° N 38° N 38° N 38° N 38° N 38° N 
Slope (°) 4 20 14 4 27 19 2 
Upslope bearing (°) 35 27 40 55 61 66 53 
Downwind bearing (°) 225 225 225 225 225 225 225 
 
3.2.2. Testing of modelled soil hydrology 
SoilGen simulates over millennium scales the flow of water, heat, solutes, and CO2 in 
unconsolidated geomaterials by numerically solving partial differential equations (the 
Richards equation, heat flow equation, advection-dispersion equation, and C02-diffusion 
equation respectively) (Finke & Hutson, 2008).  
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Given the importance of water fluxes for soil formation in general and chemical weathering 
specifically, the model was tested for its ability to simulate the soil moisture dynamics 
accurately. For this, the current soil profile characteristics in 7 locations were used to run 
the model over a two-year period in which soil moisture was measured, i.e., 2016 and 
2017. The soil moisture sensors started to collect data at the end of 2016 so for the first 
part of the year the simulations were adapted using precipitation and evapotranspiration 
data from 2017. This could be considered a spin-up (because the initial soil moisture 
profile was not known).  
To account for interception by vegetation, we reduced the daily precipitation by a fixed 
value of 2 mm, as suggested by Laio et al. (2001).  These changes resulted in a reduction 
of the measured precipitation during the calibration period of 718.7 mm to 525.4 mm.  
Model-to-data correspondence was tested by comparing simulated values with measured 
values of soil moisture content, by the R2 and the Nash-Sutcliffe Efficiency (NSE).  
3.2.3. Model Inputs 
The tested model was then run at the seven soil profile location for long-term simulations 
(20,000 years). This simulation period represents the residence time of the soil profile 
based on field measurements with Optically-Stimulated Luminescence (Román-Sánchez et 
al., 2019). Table 3.2 summarizes the main model parameters and initial values. Figure 3.2 
depicts the temporal variation of boundary inputs if time series were reconstructed over the 
simulation period. In order to represent correctly the Mediterranean climate variability, the 
climate data reconstructions were obtained by combining a mean temperature, 
precipitation, or evapotranspiration from the pollen-based dataset by Davis et al. (2003), 
with the observed year-to-year variability of modern weather observations.  
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Table 3.2. Inputs for the SoilGen Model. 
Group Input Variable or 
Parameter 
Dimensions As Initial 
Condition 




Source for Data and/or 
Method 
Climate 







Davis et al., 2003; 
Cardeña weather data  







Davis et al., 2003; 
Cardeña weather data 
Potential 
evapotranspiration 
mm - Weekly total Annual sum 




Vegetation type - - - 
Vegetation 
type, rooting 
depth, and C 
input as 
litter 
Olea & San Miguel-
Ayanz, 2006; 
Unpublished data from 
Santa Clotilde ‘dehesa’ 
Bioturbation Mg ha-1 yr-1 - - 
Yearly depth 
distribution 
Gobat et al., 1998, p. 
122 
Relief 
Slope angle degree Yes   
DEM; (García-Gamero 
et al., 2021) 
Slope aspect degree Yes   
DEM; (García-Gamero 
et al., 2021) 
Wind direction degree Yes   Cardeña weather data 
Parent 
material Clay/Silt/Sand Mass % Yes   
Granite: 7.0/17.4/75.6 
Unpublished data from 
analyzed horizons in 
Santa Clotilde ‘dehesa’ 
OC Mass % Yes   0.17 % 
Ca, Mg, Na, K, Al, 




Yes   Unpublished data 
Ca, Mg, Na, K, Al, 
H on exchange 
complex and CEC 
mmol+ kg−1 Yes   
Unpublished data from 
analyzed horizons in 
Santa Clotilde ‘dehesa’ 
CaCO3/CaSO4 Mass % Yes   
0.01/0%  
Unpublished data from 
analyzed horizons in 





Yes   
De Vries and 
Posch (2003) 
Ca, Mg, Na, K, Al 
in primary 
minerals 
mol+ kg−1 Yes   
Unpublished data from 
Santa Clotilde ‘dehesa’ 
 




Figure 3.2. Boundary conditions for the soil modelling, representing reconstructed climate and 
vegetation change over the last 20,000 years, the left panel shows precipitation and 
evapotranspiration, the right panel shows temperature. The bandwidth indicates the year-to-year 
variability in the climate data, and the bold, black line indicates the 25 year running average. A= 
Agriculture, D= Deciduous wood. 
3.2.4.  Chemical weathering 
Chemical depletion fraction (CDF), expressing the total fractional mass lost to chemical 
weathering, is a widely used indicator of the degree of chemical weathering of a soil profile 
(Dixon et al., 2009; Riebe et al., 2001): 





where ZrROCK is the Zr concentration in the bedrock and ZrSOIL is the Zr concentration in the 
soil. CDF values close to zero indicate the absence of weathering, as the Zr concentration of 
the soil is equal to that of the parent material. Values closer to 1 indicate higher chemical 
weathering, as the weathering of mobile elements results in a relative increase of the 
immobile Zr in the soil profile (Yoo et al., 2011).  
CDF values were measured in the field by sampling each soil profile and comparing it to the 
minimum value registered in the soil profile (Table 3.3). The chemical analyzes were 
performed on a PHILIPS model PW 2404 wavelength-based X-ray fluorescence 
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spectrometer (WDS) with a 4 kW rhodium anode tube. For the determination of trace 
elements, the Pro-trace program of the PANalytical company was used, based on 
calibration curves that include both geological patterns and reference patterns of the 
program itself. The samples were prepared in a tablet pressed at 40 tons for two minutes. 
The amount of sample used was 10 g mixed with a solution of Elvacite, in a proportion of 
10 g of sample with 4 ml of solution.  
The SoilGen model was then used to model the measured CDF values, assuming one 
completely inert (0-weathering rate) mineral, and to explore the sensitivity of the CDF to 
variations of precipitation. The effect on model results of a marked gradient of 
precipitation, between 200 and 1,200 mm, has been evaluated at the SC10 location, 
because of its position at the hilltop, representative of the larger plateau area. 
We conducted the performance evaluation by selecting various statistical indicators to 
conduct a quantitative analysis: the fraction of predictions within a factor or two (FAC2), the 
fractional bias (FB), the root mean square error (RMSE), and the normalized mean square 
error (NMSE).  
Table 3.3. Chemical composition of the seven soil profiles (SC4-SC7). Values are averaged over 






























SC4 0.44 70.8 16.5 2.3 0.03 1.12 0.56 2.6 4.4 0.40 0.12 0.75 148.0 0.19 
SC5 0.60 66.7 17.0 5.1 0.06 1.7 0.28 2.2 4.6 0.83 0.11 1.0 284.9 0.04 
SC6 0.55 68.0 16.8 3.9 0.07 1.2 0.27 1.9 5.3 0.69 0.11 1.4 314.2 0.13 
SC7 0.97 69.8 16.5 2.6 0.07 1.1 0.46 2.9 4.4 0.48 0.11 1.1 181.3 0.26 
SC8 0.47 62.2 18.7 5.7 0.11 3.1 0.51 1.6 4.7 1.03 0.15 1.7 294.0 0.20 
SC9 0.57 69.1 17.1 2.8 0.05 1.3 0.45 2.9 4.2 0.48 0.11 1.2 166.6 0.19 
SC10 0.51 69.9 16.6 2.7 0.03 1.1 0.61 3.3 4.0 0.46 0.15 1.1 160.6 0.19 
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3.3. Results and discussion 
3.3.1. Model testing and results 
The model was tested using in-situ soil moisture observations, in order to check that the 
model represents well the soil profile’s hydrological balance before modelling chemical 
weathering reactions and material fluxes. The model was adjusted for rainfall interception 
by vegetation. Figure 3.3 shows the R2 values, with the best correlation determined by the 
daily precipitation reduced by a fixed value of 2 mm and interception evaporation fraction 
of 0. Consequently, all further simulations were carried out using this combination. The 
results are shown in Fig. 3.4, which compares the daily values of simulated and measured 
soil moisture content across a period of 1 year and 1-month (from November-2016 to 
December-2017) at the SC4 location, at the hilltop of SFS. Soil moisture values, both 
observed and simulated, vary between approximately 0.05 (m3m-3) and 0.30 (m3m-3). The 
calibrated coefficient of determination (R2) and the Nash-Sutcliffe Efficiency (NSE) index 
indicate a good fit of SoilGen to the observations, with values of 0.85 and 0.78, 
respectively. Overall, most values fall close to the 1:1 line, although there is a small 
overprediction of low soil moisture values and underprediction of high soil moisture values. 
However, given the complex soil conditions and variable Mediterranean climate, this 
prediction can be considered a valid representation of the actual soil hydrological 
dynamics. 




Figure 3.3.Coefficient of determination (R2) calculated for different Interception evaporation 
fraction with the daily precipitation reduced by a fixed value of 2 mm and without reduction or 0 
mm. 
 
Figure 3.4. Relation between soil moisture content () values simulated and measured at SC4 
location. The coefficient of determination (R2) and the Nash-Sutcliffe Efficiency (NSE) index are 
indicated. 
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A comparison between measured and modelled CDF values is shown in Fig. 3.5. Measured 
CDF values indicate an intermediate weathering of the soil profiles, with values ranging 
between 0.04 and 0.26. The highest chemical weathering was measured in the profiles SC7 
and SC8. Simulations with SoilGen generally represent the trend in the measured data well, 
although the data show an overall trend for CDF to be overpredicted (Fig. 3.5), as the 
average slope of the regression line (CDFmeasured = 0.630 ∙ CDFcalculated + 0.011) was 
significantly different from 1. The 1:1 solid line (perfect model) and the 1:0.5 and 1:2 
dashed lines (FAC2) were added to the scatter plot (Fig. 3.5) to assist the interpretation of 
the results. The results of the statistical metrics (Table 3.4) met the criteria suggested by 
Kumar et al. (1993):  the performance of a model can be deemed as acceptable if FAC2 ≥ 
0.80, being the ideal value 1.0 (100%), NMSE ≤ 0.5, and -0.5 ≤ FB ≥ +0. 5. Taken this into 
account, the obtained FAC2, NMSE, and FB values are quite acceptable and equal to 0.86, 
0.22 and -0.39, respectively.  According to the FAC2 value, 86 % of simulated values were 
within a factor of two of the measured values. A negative value of FB indicates model 
overestimation whereas RMSE and NMSE do not account for over or underestimation but 
their ideal value is zero (Brancher et al., 2020). Note that the metric results shown are 
dimensionless because CDF is a non-dimensional quantity. The model, therefore, 
represents the measured trend in CDF values correctly, although there exists a positive 
bias. However, given the fact that the model is uncalibrated in terms of chemical reactions 
and with respect to the resulting soil properties, we consider this result to be satisfactory. 
Indeed, some degree of bias can be expected, in part since this 1-D model is not set up to 
handle possible lateral fluxes of water and chemical weathering products but also because 
of the large time scale of the modelled processes, a common problem in this type of soil 
formation studies (reference review paper by Opolot and Finke (2015)).  
The low CDF in the SC5 location, considering the minimum Zr value measured in the soil 
profile, indicates that the complete soil profile is highly weathered. This is associated with 
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lower SiO2 and higher MgO values with respect to the other locations (Table 3.3) and could 
be related to mafic intrusions because of differences in bedrock mineral composition which 
result in higher rock weatherability. Oeser et al. (2018), in their study along a steep climate 
and vegetation gradient in the Chilean Coastal Cordillera, attributed a high degree of 
weathering  (CDF ≈ 0.4-0.5) in Santa Gracia sites to a more mafic composition of the 
bedrock. Further evidence corroborating the different rock composition at the SC5 site and 
its consideration as an outlier is given by the surface topography, as shown in Fig. 3.6. It 
can be seen that a small knickpoint is present just upslope of SC5, which could indicate 
indeed a higher weatherability around SC5. 
Based on the chemical composition alone (Table 3.3), also the SC8 location is 
characterized by low SiO2 and high MgO values, corresponding to mafic rocks. However, the 
simulated CDF at this location does not deviate as much from the measured values as in 
SC5. This location on the NFS shows denser vegetation than location SC5 on the SFS (Fig. 
3.6), due to the higher water availability on the NFS (García-Gamero et al., 2021). Oeser & 
von Blanckenburg (2020) pointed out that the presence of denser vegetation might 
counteract a potential weathering increase in their study along the climate and vegetation 
gradient in the Chilean Coastal Cordillera. This could explain why SC8 is not an outlier, 
similar to SC5. 
 
While the underlying reasons for any deviations between modelled and measured CDF 
values are certainly complex, they will be explored below in more detail, in order to try to 
establish systematic relations between CDF and topographic and hydrological variables. 




Figure 3.5.Relation between CDF values calculated based on simulations and measured based on 
field samples. The 1:1 line (solid) represents the perfect model and the 1:0.5 and 1:2 lines 
(dashed) embrace the data within a factor of two (FAC2). The coefficient of determination (R2) is 
indicated. 
Table 3.4. Statistical metrics of performance evaluation comparing measured and calculated CDF. 
n: number of observations, FAC2: Fraction of predictions within a factor of 2, FB: Fractional bias, 
RMSE: Root mean square error, NMSE: Normalized mean square error. 
n FAC2 FB RMSE NMSE 
7 0.86 -0.39 0.099 0.22 
 
3.3.2. Topographic and hydrological effect in CDF 
The SoilGen model was applied to test the hypothesis that CDF values could be explained 
by landscape position and simulated by a simple one-dimensional model. Any deviations 
can then be analyzed to identify model shortcomings and future needs for model 
improvement.  
To analyze the effect of topographic position along the catena, measured and simulated 
CDF values together with the conceptual model of the subsurface of the Critical Zone (the 
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zone of the Earth surface that extends from the top of the canopy to the bottom of the 
groundwater) in the study site are shown in Fig. 3.6. As mentioned in Fig. 3.5, simulated 
and measured CDF values generally have the same trend, except for SC5. Higher simulated 
values were observed on the hilltop, SC4, and the valley bottom, SC7, followed by location 
SC8 in the middle slope of the NFS (Fig. 3.6).  These locations were among those with the 
lowest local slope gradient, except for SC8. 
The position along the toposequence alone did not explain well the spatial variation of the 
CDF, so it must be concluded that its variation is due to other factors that are considered in 
the model and will be analyzed.  
 
Figure 3.6.Variation of measured (green bars) and simulated (red bars) chemical depletion fraction 
(CDF) (top panel) along the studied north-south catena, including a schematic representation 
(bottom panel) of the vegetation, surface topography, soil, weathered bedrock, and unweathered 
bedrock. On the NFS we also distinguish a seasonal groundwater table (blue).   
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The relation of CDF values with different external factors was considered in Fig. 3.7. The 
variation of CDF along the toposequence was related to local slope gradient (Fig. 3.7a) and 
because the role of soil water hydrology on chemical weathering with hydrological 
parameters, i.e., infiltration (I, m3 yr-1) (Fig. 3.7b), average moisture content (θ, m3m-3) (Fig. 
3.7c), and water residence time (RT, yr) (Fig. 3.7d). The hydrological parameters were 
derived from the simulations.  
The results indicated an absence of correlation with the current slope (Fig 3.7a), although 
the highest CDF values were found for two soil profiles with a low slope gradient (SC4 and 
SC7), this was not the case for SC10. On the other hand, the data indicate a positive 
relationship with average moisture content and infiltration. This implies that higher 
infiltration leads to higher chemical weathering. A negative relation was observed with 
residence time, implying that a faster throughflow of reactive water from rainfall speeds up 
the weathering process. The absence of statistically significant relations for slope and these 
hydrological parameters indicates the complexity of the modeled processes. One reason for 
this is the long-time scale of modelling, and the current topography might not have been 
constant during the full period of weathering. This problem is also recurrent in simulations 
of historical soil erosion (Peeters et al., 2006). 




Figure 3.7.Relation between CDF values and (a) Local gradient slope (º) (b) Infiltration, I (m3yr-1), 
(c) average soil moisture, q (m3m-3) and (d) Water Residence Time, RT (yr).  
The good relation between chemical weathering and hydrological variables corroborates 
previous studies that concluded the hydrological control on chemical weathering to be 
dominant (Maher, 2010; Maher & Chamberlain, 2014).  These authors indicate that natural 
systems can generally be considered to be transport-controlled, where the reaction rate of 
chemical weathering processes depends mostly on the departure from the equilibrium. This 
departure is controlled by the water flow rate through the profile and how fast or slow 
weathered products are exported from the soil profile. In other words, in transport-
controlled weathering systems, flow rates and solubility by definition will be the dominant 
control on mass removal. As natural systems are difficult to characterize fully, not much 
field data has been collected corroborating this so far. Some studies, like Schoonejans et al. 
(2016) found a positive relation between chemical weathering and rainfall along a climatic 
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gradient in southern Spain. However, the results of this study, both measured and modelled 
CDF values, are among the first to find differences in chemical weathering in different 
landscape positions along a catena. In this study area, rainfall is homogeneous, but the 
differences in infiltration can be purely attributed to differences in exposition and landscape 
position. Further studies will be needed, not only at the landscape or regional scale but also 
at a shorter spatial scale, such as this catena-scale study to elucidate these hydrological 
effects in more detail. Some authors have pointed to important feedbacks with plants, that 
definitely can have a significant impact on soil hydrology and perhaps also a direct 
influence on chemical weathering processes (Cipolla et al., 2021; Porada et al., 2016). 
The results of this study are in contrast with observations by Molina et al. (2019) on 10 
toposequences in a High Andean catchment. They observed only a marginally significant 
topographic control on chemical weathering extent, while our data varies considerably 
between landscape positions. Rather than topography, Molina et al. (2019) concluded that 
vegetation exerted an important control, as they found highly significant differences in 
chemical weathering extent between vegetation communities. In their study, however, they 
compared very different vegetation types, ranging from forest to grass and cushion-forming 
plants. In our study, vegetation is more similar between SFS and NFS, although vegetation 
is denser on the latter. Although counterintuitively, in previous work in the study site to 
characterize the hydrological dynamics using soil moisture sensors and piezometers, 
García-Gamero et al. (2021) observed very similar surface hydrological dynamics between 
the NFS and SFS. In fact, daily soil moisture storage change differences between both 
opposing slopes did not suggest more interception on the NFS (García-Gamero et al., 
2021), despite the denser vegetation. The denser vegetation cover on the NFS only caused 
it to dry out somewhat earlier during the year compared to the SFS. However, subsurface 
water dynamics were found to be significantly different, with a deeper weathered bedrock 
on the NFS (Fig. 3.6) that allows seasonal water storage and a significant lateral water flow. 
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The model SoilGen could be further improved by taking into account lateral fluxes of water 
and sediment. The one-dimensional SoilGen model does not consider lateral fluxes by 
definition. These lateral water fluxes on the NFS can explain the higher measured CDF 
values in SC9, SC8 and particularly in SC7. The points located along this north-facing 
hillslope all receive an additional lateral water influx, which is greatest for SC7 at the 
bottom of the hillslope. This lateral water flux can accelerate the chemical weathering and 
is not considered in the one-dimensional model. At present, as far as the authors know, no 
soil profile formation model exists that has this capability. On the other hand, on the SFS 
soils are shallower and this lateral connectivity does not exist. The other profile on the SFS, 
SC6 however does behave as expected and is characterized by the lowest CDF values, 
except for SC5 above mentioned, both measured and simulated. To take into account these 
lateral fluxes goes beyond the objectives of this paper that aims to model chemical 
weathering with a simple model, but future modelling efforts should be pointed in this 
direction. 
3.3.3. Climatic effect on chemical weathering: Sensitivity Analysis   
After analyzing the variability in soil formation along the north-south oriented catena, the 
effect of a simulated precipitation gradient (200-1,200 mm) on the CDF was studied, at one 
fixed, representative location, SC10 (Fig. 3.8).  
The lowest CDF values throughout the profile correspond to the lowest precipitation value of 
200 mm, as expected. For this precipitation value, there is very little difference of CDF with 
depth. Increasing precipitation to 400 mm leads to a sudden increase in the weathering of 
the top 40 cm of the profile, with a marked depth gradient and similar CDF values in depth 
compared to the 200 mm case. A precipitation increase to 600 mm does not change the 
CDF-depth pattern much, although the weathering front lowers. For P=800mm the 
weathering and CDF values in depth increase markedly. However, for P > 800 mm, the CDF 
values are again lower and are all characterized by a uniform depth distribution (Fig. 3.8).  
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These simulated depth patterns are comparable to those measured in the eastern part of 
the Betic Cordillera located in Southeast Spain by Schoonejans et al. (2016).   
 
Figure 3.8. Weathering intensity (expressed by the chemical depletion fraction, CDF) of a soil 
profile under different annual rainfall (P).  Profiles are simulated in the SC10 location, at the 
hilltop. 
Figure 9 then shows the total CDF, averaged over the entire soil depth, i.e., 1 m of the soil 
profile. The results from this study, represented by the blue dots, showed an increased 
weathering up to 800 mm, but after this critical value, the profiles were less weathered. 
Moreover, in Fig. 3.9 CDFs of this study are compared to a global data compilation of 
granitic soil-mantled hillslopes (Schaller & Ehlers, 2021). Also, this global dataset seems to 
indicate that high weathering rates measured as CDF are not obtained with the highest 
precipitation values, but rather with intermediate precipitation. With precipitations less than 
800 mm, a substantial part of the year will have a precipitation deficit. This means that 
leaching is of less importance and concentrations of cations released by weathering in the 
soil solution will be high. One theory often applied to quantify weathering is the transition 
state theory (TST). In the quantification of weathering fluxes by TST, the dissolution rate of 
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a mineral is the product of the rate parameter (which is often a function of pH) and the 
degree of saturation of the soil solution with respect to the dissolving mineral. Drier 
climates often result in a higher pH and a higher degree of saturation, which both (and 
certainly in combination) lead to lower weathering rates for most minerals. The decreasing 
weathering rates imply decreasing CDF values with lower precipitation. On the other hand, 
an explanation for the right part of the curve, where CDF values decrease with increasing 
precipitation is less straightforward. Possibly, with increasing precipitation surplus, travel 
times of water may be shorter and then contact time with the minerals is shorter, which 
slows down the dissolution rate. Additionally, vegetation will be lusher, and then the 
nutrient pump may prevent leaching of some elements. Both will decrease the 
CDF.Therefore, we observed two behaviours in this study, one with precipitation up to 800 
and the other with precipitation above 800 mm.There are two aspects: an inverse 
dependence between weathering rate and residence time is reflected on the left side of the 
curve which agrees with the results obtained from data assembled from different previous 
publications by Maher (2010). On the other hand, the CDF values increase to a particular 
threshold and start to decrease as the residence time decreases, which is reflected on the 
right part of the curve. This denotes that the chemical weathering rate increases with longer 
residence time (Ameli et al., 2016). 
This threshold or maximum weathering correspondent to intermediate precipitation is 
coincident with the maximum generalization of Albrecht’s curve, which is shown in Fig. 3.9 
by the grey shaded area. Huston (2012) pointed out the link between climate and soil 
formation and properties that scientists such as William Albrecht generalized 80 years ago. 
Albrecht’s curve (e.g. Albrecht, 1957) is a rule that illustrated the effect of precipitation on 
soil-forming processes and soil properties (Huston, 2012). In this diagram, which presents 
a maximum in the center, the effect of a precipitation gradient on the rates of physical, 
chemical, and biological processes that affect pedogenesis and important soil properties 
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are shown. Different later works that have studied soil properties and weathering along a 
marked precipitation gradient (e.g. Chadwick et al., 2003) confirmed Albrecht’s curve. 
Similarly, Dixon et al. (2016) in their study for chemical weathering in postglacial soils of 
New Zealand found an important pedogenic threshold coincident at mean annual 
precipitation of ~800 mm-yr-1, very similar to the threshold value that was identified in this 
sensitivity analysis. Oeser & von Blanckenburg (2020) on the other hand, in their study in 
the EarthShape Critical Zone located along the Chilean Coastal Cordillera, found no 
correlation between the degree of weathering and mean annual precipitation. Therefore, 
they pointed out that a competitive effect seems to offset the expected increase in the rate 
of weathering with precipitation. Huston (2012) even related this concept of the Albrecht 
curve to ecosystem trends. He analyzed global variations in soil properties, Net Primary 
Productivity and biodiversity as a function of precipitation. He found similar, unimodal 
curves with maximum values for soil properties such as total exchangeable bases and found 
that the maximum corresponded to the point where precipitation is equal to the 
evapotranspiration rate. Given the importance of soil properties and chemical weathering of 
soil profiles for ecosystem response, these results can be far-fetching consequences and 
should be explored further with more simulations and profile data. 




Figure 3.9.Chemical weathering (CDF) versus annual precipitation. The expected trend is indicated 
by the shaded area and follows a parabolic pattern with maximum chemical weathering for 
intermediate precipitation. Observations from this study are depth-averaged (blue dots). 
Observations from other study sites situated in granitic soil-mantled hillslopes (grey dots) are 
from a review by Schaller & Ehlers (2021). 
3.4. Conclusions 
The effect of topographic position and hydrology on chemical weathering was analyzed in 
soils formed on granites under a Mediterranean climate. Chemical depletion fraction was 
measured and modelled in seven locations, selected along a north-south oriented catena in 
southern Spain. The model SoilGen was used to simulate pedogenesis and the measured 
chemical weathering status over a 20,000-year period.  
Despite the complexity of the catena and the hydrological conditions, a good 
correspondence was obtained between modelled and measured CDF. The variability of CDF 
values was explained better by hydrological variables than by topography. No clear relation 
to the catena position was found. No relation with slope gradient was observed. However, 
the CDF data did indicate a positive relation to the hydrological variables of soil moisture 
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and infiltration, and a negative relation to water residence time. In addition, differences 
between measured and simulated CDF values could be attributed to lateral water fluxes that 
are not considered in the model. 
The model sensitivity was evaluated with different precipitation regimes. The results showed 
a marked depth gradient for rainfall under 800 mm for the CDF, but it showed a uniform 
depth distribution for precipitation above 800 mm. For the profile average chemical 
weathering, maximum values were observed for intermediate precipitation values, around 
800 mm. 
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TEMPORAL STABILITY ANALYSIS OF SOIL MOISTURE CONTENT IN A HILLY 
MEDITERRANEAN CATCHMENT 
ABSTRACT 
Understanding the drivers of soil moisture variability and temporal stability (TS) in different 
climates and environments is relevant for improving our knowledge about the hydrological 
functioning and its relationship with soil formation in natural and semi-natural 
Mediterranean environments. This study analyses soil moisture measured across two 
opposing slopes in a dehesa (oak-woodland savannah) farm in Sierra Morena near Cardeña 
(Córdoba). Temporal stability analysis of soil moisture showed that the sites located on the 
north-facing slope (NFS) exhibited greater temporal stability at the different depths (0.05, 
0.15, 0.25, 0.35 y 0.45 m) at which soil moisture was monitored than on the south-facing 
slope (SFS) and in the valley bottom. Indeed, locations SC6 and SC7 in the valley bottom 
on the SFS and NFS, respectively, exhibited the highest SDRD values. Principal 
Component Analysis (PCA) was used to reduce the dimensions of the data set, with the first 
two PCs explaining 97.5 % of the total variance. PC1 explained 92.5 % of the variance and 
could be related to climatic conditions, while PC2 explained 5.1 % of the variance and could 
be linked to topography and its influence on the hydrology of both slopes. When the PCA is 
performed by depth PC1 remained the dominant pattern, although PC2 became more 
important in deeper soil layers. The results of this study are relevant for understanding the 
soil hydrology of the shallow sloping soils that characterize dehesa farms in Mediterranean 
environments. 
4.1. Introduction 
Soil moisture, the main indicator of the soil water storage state in the water cycle, is a 
key variable for the exchange of mass and energy between the soil surface and the 




atmosphere (e.g.Henderson-Sellers, 1996). The large temporal and spatial variability of 
soil moisture has been widely studied under a wide range of environmental conditions to 
improve climate and hydrological modelling, optimize sensor networks or validate 
remote sensing measurements (Brocca et al., 2010; Robinson et al., 2008).  Vachaud et 
al. (1985) introduced the concept of temporal stability (TS) of soil moisture to 
appreciate its persistence at different locations within a field. The TS of the soil 
moisture has been used at different spatial and temporal scales, exploring the role of 
different soil, landscape, climate and vegetation characteristics on its evolution. 
Martínez-Fernández and Ceballos (2003) evaluated the TS of soil moisture over an area 
of 1,285 km2 in the northwest of the Iberian Peninsula using three years of data finding 
that dry soil was more stable than wet soil. Similarly, Brocca et al. (2009) detected a 
good persistence of the TS of soil moisture on three characteristic sites of an inland 
region of central Italy grouped by the slopes greater than 0.07-0.08, upslope drainage 
areas, other slope values, and elevation. In that work, the stability of soil moisture in flat 
areas was smaller than that of the other groups. In the colder, semi-arid steppe of Inner 
Mongolia, China, with chernozem soils rich in organic carbon, Zhao et al. (2010) found 
that the soil moisture was more stable under wet than under dry conditions, and the 
stability was dependent on the grazing intensity. Among other differences, the soil 
organic carbon content in Zhao et al. (2010) was greater than in Martínez-Fernandez 
and Ceballos (2003), except nearby the riverbeds.  
Vanderlinden et al.  (2012) in a complete and detailed review warned about the risk of 
considering only the isolated influence of factors such as measurement design, 
topography, soil, vegetation, and climate on the TS of soil moisture because interactions 
occur among them. A similar conclusion was reached by Fry and Guber (2020) in their 
study at an agricultural field in Mason, South Central Michigan (USA). Nevertheless, Fry 




and Guber (2020) indicated that topography and hydrology had a dominant influence 
over the other factors.  
To disentangle the influence of the main factors in the spatiotemporal variability of soil 
moisture the Empirical Orthogonal Function (EOF) or, the equivalent, Principal 
Component Analysis (PCA) can be performed (e.g. Martini et al., 2017). 
PCA allows identifying patterns in the soil moisture dataset and their relationship to 
landscape features (Jawson and Niemann, 2007). The method became popular in other 
scientific fields such as meteorology (Kim, 1996) and has been applied in Hydrology 
from the field-scale (Yoo & Kim, 2004) to 10,000 km2 encompassing the sub-humid part 
of Oklahoma State (USA) (Kim & Barros, 2002), to reduce the dimensionality of soil 
moisture datasets.  
This work focuses on a granitic rock area in the south of the Iberian Peninsula, where 
the influence of aspect on soil moisture has been studied in two opposing hillslopes 
(García-Gamero et al., 2021). The observed differences in the structure of the critical 
zone across the study area require further study considering a larger number of 
monitoring locations, that allow an analysis of the TS of soil moisture across both 
hillslopes. The specific objectives of this work were: (i) to study the temporal pattern at 
each of the monitoring locations and the whole dataset, (ii) to analyze how these 
patterns differ as a function of depth, (iii) to investigate the change in TS of soil 
moisture under different soil moisture conditions, and (iv) to identify patterns in the 
measured soil moisture dataset and the factors that control their spatiotemporal 
variability using PCA.  




4.2. Material and methods 
4.2.1. Study area 
The study was performed in a Mediterranean Catchment in Cardeña (Córdoba), southern 
Spain (38.2º N; 4.17º W). Two opposing hillslopes shown in Figure 4.1 were selected for 
the installation of a soil moisture sensor network. The land use at the site was oak-
woodland savannah or ‘dehesa’, a semi-natural system composed of oaks (Quercus spp.) 
and annual grasses such as Lolium sp., Bromus sp., and Trifolium sp.,  (Olea and San 
Miguel-Ayanz, 2006). The entire catchment is underlain by granite and granodiorite 
units (Carracedo et al., 2009). Soil texture ranged from sandy to sandy loam (Román-
Sánchez et al., 2018). The average soil properties of the studied locations are shown in 
Table 4.1. Based on observations recorded in soil profile pits and during instruments 
installation, depth to bedrock ranged from 0.6 m on the south-facing slope (SFS) to 9.5 
m on the north-facing slope (NFS). Elevation of the rolling terrain ranged from 650 to 
725 m.a.s. l. Four basic landforms were identified (Fig. 4.1): (i) Hilltop, (ii) SFS with a 
wooded grassland, (iii) NFS a closed canopy of evergreen oaks, and (iv) Valley bottom 
where the Martin-Gonzalo creek flows, an affluent of the Guadalquivir River.  
The regional climate is classified as continental Mediterranean (BSk) in the Köppen-
Geiger diagram (Peel et al., 2007), with a mean annual rainfall of 878 mm (from 1981 
to 2010), cold winters, and dry, long summers. The mean annual air temperature is 
15.3 °C, with the coldest month being January, with a mean monthly temperature of 7 
°C, and the hottest July, with a mean monthly temperature of 25.4 °C (Carpintero et al., 
2020).  





Figure 4.1. Location of the study site in Cardeña (Córdoba) in southern Spain with the monitoring 
locations situated on two opposing hillslopes (rendered three-dimensionally). The locations on the 
SFS (SC4-SC6) are in red and those on the NFS (SC10-SC7) are in blue.  Contour lines are plotted 
for a 2 m interval.  
Table 4.1. Weighted 0-0.5-m mean of the sand, silt, and clay fractions and organic matter content 
(OM) at the seven soil moisture monitoring locations. 
Location Sand Silt Clay OM 
% 
Without coarse fraction, % 
SC4 73.5 20.1 6.4 1.16 
SC5 83.1 12.0 4.9 0.54 
SC6 69.5 22.4 8.1 1.21 
SC7 76.1 15.6 8.3 1.02 
SC8 61.3 29.0 9.7 1.09 
SC9 75.2 19.4 5.4 1.16 
SC10 81.5 14.3 4.2 1.27 
4.2.2. Soil moisture monitoring 
Soil moisture measurement and data normalization were performed as described in 
García-Gamero et al. (2021). Soil moisture, θ, measured at each depth in the 0–0.50 m 
profile was normalized as an effective saturation ratio (e.g. Brutsaert 2005): 








Soil moisture was monitored at the seven locations represented in Fig 4.1 (SC4-SC10) at 
0.05, 0.15, 0.25, 0.35, and 0.45 m depth, except for SC4 and SC5 where the shallow 
profile prevented sensor installation at the two deepest and the deepest depths, 
respectively. To understand the hydrological connectivity and the spatial pattern of soil 
moisture the sites were split by hillslope; four of them were located on NFS (SC10-SC7) 
and three on the SFS (SC4-SC6). The monitoring period comprised almost 3 years, from 
29 November 2016 to 8 November 2019. Measurements were made each 30 min from 
November 2016 to early January 2018, and at 10 min intervals from January 2018 to 
November 2019. In this study, daily averaged data were used.   
Soil moisture dynamics was represented by the mean (Eq.4.2) and the standard 
deviation (Eq.4.3) calculated separately for each depth and location during the complete 








 , (4.2) 
where 𝑠𝑖
𝑗
 is the effective saturation ratio at location i at time j; ?̅?𝑖 is the time-averaged 








𝐽=1 , (4.3) 
where SDi is the standard deviation of the effective saturation ratio at location i.  
4.2.3. Temporal stability of soil moisture content 
To quantify the deviation of soil moisture from soil moisture averaged across the 7 
locations for time moments j, separately for each depth and location, the relative 
difference (RDi) was calculated (Vachaud et al., 1985): 














 is the effective saturation ratio of a given depth at the location i at time j. 𝑠𝑗 is 
the average effective saturation ratio of a given depth for time moment j for the 7 








where Nj is the number of monitoring days. In this regard, the daily datasets included 
only those days for which data were available at each depth and the 7 locations, i.e., 7 
data per day.  
A positive MRD for a monitoring location indicates that the location is wetter than the 
mean, whereas a negative MRD indicates that the location is drier than the mean.   
The estimation of the standard deviation of the RDi is used to quantify the TS of soil 
moisture content in these locations. The standard deviation (SDRDi) was computed for 











Small SDRDi values indicate a greater TS of soil moisture pattern in these locations. All 
analyses in this study were performed using R-Studio software  (RStudioTeam, 2020).  
4.2.4.  Principal Component Analysis 
A correlation analysis using the Spearman rank correlation coefficient, as an alternative 
technique to the Pearson correlation to address nonnormality (Wilks, 2011)  was used to 
assess the relationship between the soil moisture content at different locations. To 
discriminate the underlying factors responsible for soil moisture content variability and 
to analyze the correlation between variables, a PCA was performed. This analysis 




transforms an original set of variables into a reduced set of uncorrelated variables that 
retain most of the information of the original variables, Principal Components (PCs).  
The results are evaluated based on the loadings of the PCs that indicate the relevance of 
each variable in each PC and the scores of each observation that indicates the distance 
from the origin to each projection. For more details on PCA, see the work by Perry and 
Niemann (2007). 
The input variables were the daily and profile and depth-averaged soil moisture content 
data from the whole dataset. Values greater than or equal to 0.5 are considered to 
belong to the wet period, values less than or equal to 0.25 corresponded to the dry 
period, and the rest are confined in the intermediate period. The PCA of the normalized 
data set was implemented with the R-Studio package factoextra (ver. 1.0.7).  
4.3. Results and discussion 
4.3.1. Soil moisture content dynamics 
Soil moisture at the 7 locations showed great temporal variability, typical for a 
Mediterranean climate (Fig.4.2). Overall, temporal patterns of effective saturation ratio 
were similar for the 7 locations at each depth but deferred as a result of topographic 
position, e.g., SC7, located in the valley bottom, at depth of 0.05 m from October 2017 
to June 2018.  
Overall, the temporal variability in soil moisture decreased with depth.  Soil moisture is 
more stable deepest in the soil profile than near the surface. However, the differences 
between some locations are accentuated with depth, such as locations SC7 and SC8 
from October 2017 to December 2017, where the variability in measured soil moisture 
increases.  





Figure 4.2. Evolution of effective saturation ratio, s, for the different locations and depths during 
the study period. Daily precipitation P, and reference evapotranspiration, ET0, are shown in the top 
panel. 




Figure 4.3 shows depth-averaged and standard deviation (SD) of s, at the seven 
locations: 
 
Figure 4.3. Mean effective soil saturation (s) and standard deviation (SD) for different depths at 
locations SC4-SC10.  
The greatest values of the mean and standard deviation of s were observed at 0.05 m 
depth for SC7, in the bottom of the valley near the Martin Gonzalo Creek on the NFS 
(Fig.4.3), possibly due to topographical position. Conversely, the smallest values 
corresponded to SC4, on the hilltop on the SFS.  
At 0.15 m and 0.25 m the greatest mean values occurred also at the valley bottom but 
on the SFS, at location SC6, where the SD was smaller at 0.15 m, as compared to the 
deeper soil layers below 0.25m. At 0.15 m, locations SC8 and SC9, in the middle and 
upper slope on the NFS, respectively, had the smallest mean s. This could be attributed 
to the structure of the critical zone on this slope with a highly weathered zone extending 
down to 9.5 m in the middle of the NFS, where fractures and/or macropores can 
facilitate unsaturated preferential flow (Nimmo et al., 2012), as opposed to the 
structure of the critical zone on the SFS where the bedrock is found at 0.6 m depth 
(García-Gamero et al., 2021). 




However, at 0.35 and 0.45 m depth, the largest s was observed at the upper NFS at 
location SC9, which also exhibited the highest SD as a result of the relative hydrological 
disconnection with respect to the other locations. Conversely, the smallest s was found 
at the mid-slope position SC8, at 0.35 and 0.45 m depth, possibly as a result of vertical 
and lateral preferential water flow (García-Gamero et al., 2021; Zhang et al., 2018).  
These observations suggest a different response to both between locations as a function 
of topography, and within locations as a function of depth.  
4.3.2. Temporal stability of soil moisture  
Figure 4.4 shows the MRD and SDRD, represented by error bars, for the whole period at, 
0.05 (4.4a), 0.15 (4.4b), 0.25 (4.4c), 0.35 (4.4d) and 0.45 m (4.4e). For each of the 5 
depths, the average SDRD (±standard deviation) was 0.33 (±0.07), 0.36 (±0.13), 0.46 
(±0.22), 0.59 (±0.24) and 0.61 (±0.14), showing that the variability between locations 
increased with depth, while the TS decreased with depth at each location.  
Sites with relatively large SDRD were associated with the deepest sensors and with wet 
locations located at the valley bottom, e.g. SC6. The above-mentioned characteristics of 
the critical zone of the NFS would facilitate preferential downward unsaturated flow. In 
addition, at the lower part of the slope, e.g. SC7, runoff may be generated as a result of 
subsurface flow from both the vadose zone and saturated zone (exfiltration) which would 
also explain the large moisture variability at this location (García-Gamero et al., 2021). 
On the SFS, the unweathered, almost impervious bedrock with an irregular surface 
might divert the vertical water flow towards the bottom of the slope. This observation 
might indicate the feasibility of subsurface flow on the SFS although in previous 
comments this was not evident. In later chapter evidence of this flow will be shown.  
However, although pit SC6 is very close to the Martín Gonzalo Creek its behavior differs 
from that of the analog pit SC7 what might be due to the absence of a clear 




underground connection. In this regard, Lin (2006) found that the soil moisture of most 
monitoring sites located along the valley floor at the Shale Hills Critical Zone 
Observatory in Pennsylvania (USA) exhibited greater values than the catchment average. 
In this study, also location SC6 shows greater soil moisture values, except at 0.05 m 
where it is location SC7, which shows the highest values, and at 0.45 where it is location 
SC9. On the contrary, location SC10, at the hilltop of the NFS, shows smaller soil 
moisture values, except at 0.15 and 0.45 m. At the latter depth, the situation is reversed 
the location SC10 shows wetter values than the mean.  
 
Figure 4.4. Mean relative differences (MRD) with their standard deviation (vertical bars) for soil 
moisture at five depths (0.05, 0.15,0.25, 0.35 y 0.45 m) at locations SC4 to SC10.  
Figure 4.5 depicts MRD and SDRD values as a function of depth. The location SC6 
stands out as the wettest point for the whole study area, except for the 0.05 and 0.45 m 
depths. Conversely, SC10 is the driest location with soil moisture below the mean value, 




except for 0.15 and 0.45 m, being SC10 wetter than the mean at the latter depth. 
 
Figure 4.5. Relationships between the mean value of the relative differences (MRD) (a), and their 
standard deviation (SDRD) (b) with depth for the 7 locations (SC4-SC10). 
Considering the MRD values, the most “representative” locations and depths for the 
catchment and the study period are SC6 at 0.05 m, SC7 at 0.15 m, SC4 at 0.25 m, and 
SC9 at 0.35 m and 0.45 m. However, the SDRD values identify other “representative” 
locations that are temporally more stable than the rest. Locations SC6 and SC7 show 
the highest SDRD values. In general, the more stable points are found on the NFS for the 
different depths, similar to the findings of  Zhao et al. (2010) (Fig. 4.4 and Fig. 4.5): 
SC4 at 0.05 m; SC9 at 0.15 m; SC10 at 0.25 m; SC5 at 0.35 m and SC8 at 0.45 m. The 
above-mentioned characteristics of the critical zone of the NFS result in a significantly 
lower soil water residence time on this slope as compared to the SFS. Martínez-
Fernández and Ceballos (2003) pointed out that the profiles with a higher percentage of 
sand are those that are temporally more stable due to the limited capacity of sandy soi ls 
to retain water, and, consequently, the driest soils. Thus, due to the characteristics 
observed on the NFS, these locations are expected to be temporally more stable.  




4.3.2.1. Two different temporal stability conditions 
Figure 4.6a through 4.6e shows the results for a selected wet-up period (from 07 
December 2016 to 13 February 2017) and Figure 4.7a through 4.7b show the results for 
a selected dry-down period (from 14 June 2018 to 24 July 2018). The locations 
fluctuate between positive and negative values of MRD depending on the depth and do 
not maintain their rank, particularly during the dry period. In general, the MRD shows a 
stronger TS for most locations at each depth during the wet period than during the dry 
one (Fig. 4.6 and Fig. 4.7). 
 
Figure 4.6. Mean relative differences (MRDs) with their standard deviation (vertical bars) for soil 
moisture in a wet-up period at five depths (0.05, 0.15,0.25, 0.35 y 0.45 m) in seven plots. 





Figure 4.7. Mean relative differences (MRDs) with their standard deviation (vertical bars) for soil 
moisture in a dry-down period at five depths (0.05, 0.15,0.25, 0.35 y 0.45 m) in seven plots. 
Figure 4.8 shows the SDRD values as a function of depth for the complete monitoring 
period and the selected dry-down and wet-up periods for each of the monitoring sites 
(SC4-SC10). SDRD values are lower during the wet period than during the dry period at 
all locations except for point SC7 at 0.05 m. Therefore, in this case, TS of soi l moisture 
was higher under dry conditions than under wet conditions. This result was consistent 
with Zhao et al. (2010).  





Figure 4.8. Relationships of the standard deviation of the relative difference (SDRD) for the 
whole (F), dry (D), and wet (W) monitoring period of soil moisture of the locations (a) SC4, (b) SC5, 
(c) SC6, (d) SC7 (e) SC8 (f) SC9 and (g) SC10 with depth in the two slopes. Dashed lines indicate 
SDRD calculated for the profile average s values.  
Figure 4.9a shows the MRD plots for the profile-averaged soil moisture content from the 
7 locations and the whole period. For the complete period, the differences between 
locations SC6 and SC7 and SC9 and SC10 in opposite topographic positions, the former 
in the valley bottom and the latter on the hilltop point out. (Fig.4.9a). SC8 is the 
representative location with the highest temporal stability for the whole study area, 




considering the minimum value of SDRD. The MRD ranged from -0.25 to 0.27 and the 
SDRD from 0.18 to 0.44 at the locations wetter than the mean (SC4, SC6, SC7 and 
SC8), locations above the mean value, and from 0.24 to 0.33 in the locations drier than 
the mean (SC5, SC9 and SC10), locations below the mean value (Fig.4.9a).  
Figure 4.9b and 4.9c shows the results for the studied wet-up and dry-down periods. 
The locations do neither maintain their ranks in dry nor in wet periods. We found that 
SDRD were in the order wet<dry<whole study period.   
 
Figure 4.9. Mean relative differences (MRDs) with their standard deviation (vertical bars) for (a) 
the full soil moisture periods, (b) in a wet-up period, and (c) in a dry-down period at profile 
average depth. 
4.3.3. Analysis of the relationship between soil moisture series 
Based on the 3- year daily and profile averaged s data, all soil moisture series measured 
at the 7 locations showed a strong positive correlation with a mean Spearman’s 
correlation coefficient greater than 0.9 (Table 4.2). Note the strong correlation between 
SC6 and SC7 (0.92), both in the valley bottom on the SFS and on the NFS, respectively, 
and between SC9 and SC10 (0.98) at the upper slope and hilltop on the NFS, 
respectively.  Correlations between locations at the hilltop and the valley bottom were 
substantially smaller (see numbers in bold in Table 4.2). Despite Spearman’s 
correlation was considered, the results are very similar to those obtained with Pearson’s 
correlation.  




Table 4.2. The Spearman correlation coefficients among values of s determined at profile-depth 
averaged at the 7 observational locations (SC4-SC10). Coefficients in bold indicate the smallest 
correlation between hilltop and valley bottom locations.  
 
SC4 SC5 SC6 SC7 SC8 SC9 SC10 
SC4 1.0 
      
SC5 0.92 1.0 
     
SC6 0.91 0.90 1.0 
    
SC7 0.96 0.90 0.92 1.0 
   
SC8 0.97 0.94 0.91 0.93 1.0 
  
SC9 0.90 0.96 0.88 0.86 0.93 1.0 
 
SC10 0.91 0.97 0.86 0.85 0.93 0.98 1.0 
Mean 0.93 0.93 0.90 0.90 0.94 0.92 0.92 
 
4.3.4. PCA of profile-averaged soil moisture 
The computed percent of total variance explained by each PC is plotted in Fig. 4.10. 
There is a marked drop in the percentage of explained variation between PC1 and the 
rest of PCs. Here, PC1 explains a much greater proportion of the variance than the 
subsequent PCs. This result draws our attention to PC1 and PC2. The first two PC 
account for 97.5 % of the explained variance: 





Figure 4.10. Scree plot with the percent variance explained by each principal component (PC).  
The loadings reveal how the different variables contributed to each of the PCs (Table 
4.3). PC1 has similar negative loadings (≤ -0.37), negative correlation, for all variables 
(SC4_AVG-SC10_AVG). Therefore, no single variable significantly contributed to this PC, 
which might reflect climate influences on soil moisture. Therefore, all variables 
contributed in a similar way to explain a great percentage of variance. PC2 has strong 
positive loadings, positive correlation, for SC9_AVG and SC10_AVG (≥ 0.46) whereas it 
has strong negative loadings for SC6_AVG and SC7_AVG (≤-0.48), which might be due to 








Table 4.3. Loadings of Principal Component 1 (PC1) and Principal Component 2 (PC2). Large 
loadings are highlighted in boldface to emphasize the variables that contribute to each PC.  
 PC1 PC2 
SC4_AVG -0.384 -0.083 
SC5_AVG -0.387 0.021 
SC6_AVG -0.365 -0.540 
SC7_AVG -0.374 -0.479 
SC8_AVG -0.389 0.109 
SC9_AVG -0.372 0.462 
SC10_AVG -0.375 0.500 
 
The PCA map determined by the PC1 and PC2 displayed a general perspective of the 
measurements (Fig.4.11). The first two axes of the PCA accounted for 92.5 % and 5.1% 
of the total variation, respectively. The soil moisture observations showed clear 
clustering, in the biplot combining scores or the position of each observation in this new 
coordinate system and loadings to a PC, corresponding to the wet and dry periods. 
Overall, SC10_AVG and SC8_AVG are the variables that contribute more to the variability 
in both principal components.  





Figure 4.11. Principal component analysis (PCA) showing the two main axes of variability in soil 
moisture variables. Ellipse grouping observations by period: Dry, Inter, and Wet. The variables are 
indicated by arrows drawn from the origin, which indicate their ‘weight’ in different directions or 
loadings. The most contributing variables to the principal components can be highlighted 
according to a colour gradient.  
The fact that 92.5 % of the variability had been captured by the PC1 in Fig. 4.11 
indicates that a single component can explain much of the overall soil moisture spatial 
and temporal pattern. The fact that the PCs divide the observations into three separated 
clusters, corresponding to dry, intermediate and wet periods, might indicate that PC1 
may correspond to the influence of climate on soil moisture. The fact that loadings have 
negative values for this PC and that the observations corresponding to the wet and dry 
periods have negative and positive values, respectively, on the x-axis, means that PC1 
may be interpreted because of a scarcity of rain, or drought, related to the seasonality 
of the Mediterranean climate, with a prolonged summer drought. This not only explains 
a large percentage of the variation in the data, above mentioned but also influences all 
the measurement locations examined.  




PC2, explaining 5.1 % of the total variance, the different loadings observed in table 4.3, 
that reflects the correlation values of table 4.2, and is shown also in figure 4.11, 
between the soil moisture near the valley bottom (SC6 and SC7) and the hilltop (SC9 
and SC10) could be attributed to the distinct slope position and its influence on 
hillslope hydrology. At SC6 and SC7 a negative contribution was observed, suggesting a 
considerable effect of subsurface flow, while at SC9 and SC10 the opposite effect was 
observed. 
The elevation of SC4 and SC10 was similar, although SC4 is in a flat area farther than 
site SC10 from the slope as shown in Fig. 4.1.  
Kim and Barros (2002), in their study conducted to explain the spatial structure of soil 
moisture, examined large-scale images obtained during the Southern Great Plains 1997 
(SGP’97) hydrology experiment (USA) and identified topography as the dominant factor 
for the spatial structure of soil moisture during rainfall. Yoo and Kim (2004) also found 
in their study of two soil moisture datasets of the SGP’97 hydrology experiment at the 
field scale that topography-related factors were important. However, both studies 
highlight that during inter-storm and dry-down periods other factors such as soil 
properties and vegetation dominate soil moisture evolution. To identify factors affecting 
soil moisture spatial variability, Choi et al. (2007) applied a PCA to 18 datasets from 9 
experiments across the world and determined that soil factors, precipitation, and 
topography control this variability. A preceding work in this study area (Cardeña, 
southern Spain)  showed a significant correlation of soil moisture with the Topographic 
Wetness Index (TWI) only under dry conditions, while for wet conditions the correlation 
was only significant with bulk density (García-Gamero et al., 2021).This study expands 
on the previous one by considering the complete soil moisture dataset, climate and 
topography were identified as dominant factors in our PCA.  




4.3.5. Principal Components Analysis of soil moisture with depth 
Figure 4.12 shows the PCA maps determined by the PC1 (Dim1) and PC2 (Dim2) to 
visualize the distribution of the observations at five different depths 
(0.05,0.15,0.25,0.35 and 0.45 m). Combining PC1 and PC2 accounted for more than 94 
% of the variances, where PC1 accounted for 90.9, 89, 87.7,86.2, and 84 % and PC2 
explained 5, 6.4, 6.4, 7.8, and 10.4 % at the five different depths (0.05,0.15,0.25,0.35 
and 0.45 m). Although PC1 still explained much of the variance at all depths, PC2 
became more important with depth. At the surface, the control of climate on soil 
moisture is evident through evapotranspiration and rainfall, but topography-related 
factors exert stronger controls on subsurface soil moisture as depth increased.  






Figure 4.12. Principal component analysis (PCA) showing the two main axes of variability in soil 
moisture variables by depth (0.05,0.15,0.25,0.35 and 0.45 m). Ellipse grouping observations by 
period: Dry, Inter, and Wet. The variables are indicated by arrows drawn from the origin, which 
indicate their ‘weight’ in different directions or loadings. The most contributing variables to the 
principal components can be highlighted according to a color gradient.  
4.4. Conclusions 
In a Mediterranean oak-woodland savanna or ‘dehesa’, of southern Spain, soil moisture 
dynamics reflects the influence of the strong seasonality that characterizes this climate. 
The analysis of temporal stability (TS) of soil moisture on two opposing hillslopes shows 
that the monitoring locations situated on the NFS generally showed higher TS at the 




different depths at which this variable was measured. Conversely, the soil moisture 
monitoring locations SC6 and SC7 showed lower TS, because of their position at the 
valley bottom. SC8, in the middle slope of NFS, is selected as the representative 
monitoring site within the study site.  Considering the full dataset and the profile -
averaged data the spatial pattern of soil moisture showed considerable TS which was 
stronger for wet than for dry conditions.  
Two independent PCs were found to describe 97.5 % of the full dataset’s variance and 
were important to describe the spatial and temporal variability of soil moisture. The 
dominant pattern PC1, which explained 92.5 % of the variance, may be identified with 
climate. While PC2, which explained 5.1 % responded to topographical attributes. When 
the PCA is conducted by depth, the PC1 is still the dominant pattern (PC1, 𝜎𝑃𝐶1
2 = 
0.91,0.89,0.88,0.86, and 0.84) although less variance was explained deeper into the 
profile.  PC2 became more relevant with depth (PC2, 𝜎𝑃𝐶2
2 = 0.05, 0.064, 0.064, 0.078, 
and 0.10), underlining the increasing importance of topography-related factors deeper 
into the soil profile.  
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Evolution of soil moisture profiles during the early 









EVOLUTION OF SOIL MOISTURE PROFILES DURING THE EARLY STAGES OF 
INFILTRATION AND EVAPORATION PROCESSES IN A MEDITERRANEAN CATCHMENT 
ABSTRACT 
The edaphic and physiographic factors of watersheds characterize the main water recharge 
and discharge processes, which in their turn, are essential in the evolution of the landscape 
as, for instance, Tucker and Slingerland (1997) have shown.  
The purpose of this chapter is to illustrate the early stages of recharge and discharge 
processes on soils located in two opposite slopes, one oriented towards the south, or 
toward the Equator in global terms, and another one oriented towards the north, or toward 
the Poles, of a granitic watershed of the Sierra Morena, close to the village of Cardeña, in 
the province of Córdoba. The soil profiles are saturated fast with the occurrence of some 
subsurface water flow due to the shallower depth of the former with respect to the latter. 
The percolation flow towards the underlying phreatic aquifer attenuates the profile 
saturation rate in the soils of the north-facing slope. The discharge processes evolve at a 
similar rate in the soils of the two hillslopes, at least in the early stages while the root water 
uptake by the vegetation is not too relevant. 
5.1. Introduction 
In mountain catchments where the topography divides slopes with different aspect 
concerning the solar radiation incidence, the so-called sunny and shady areas, the 
insolation received induces changes in the hydrological processes that, in turn, generate 
different ecosystems in them. The hydrological literature includes numerous examples such 
as  Richardson et al. (2020) in California or Gutiérrez-Jurado et al. (2013) in New  Mexico, 
both with marked differences between the two aspects. In a complete review, Pelletier et al. 
(2018) recommended the separation between water and temperature constraining 
conditions on the soil developed on different slopes, suggesting the denomination of 





Equator-facing or Pole-facing slopes corresponding respectively to sunny or shady spots, as 
exposed by McMillan & Srinivasan (2015). 
In the critical zone of Cardeña in the Sierra Morena of Córdoba, Spain, where the 
precipitation and temperature conditions enhance soil-forming processes  (Román-Sánchez 
et al., 2018), some differences between vegetation and edaphic characteristics have been 
observed. In this work, these differences are explored by relating them to the evolution of 
soil moisture and biomass. García-Gamero et al. (2021) have detected different effects on 
the evolution of soil moisture, the vegetation, and on the recharge of the water table that 
delimits an aquifer occupying the fractures of the granitic rocks of the area, which seems 
limited to the north-facing slope.  
The ongoing research in this critical zone continues to gather the information that allows us 
to explore in greater detail the behavior of the soil. This chapter includes the evolution of 
soil moisture profiles in response to rainfall and solar radiation and vertical vapor pressure 
gradients in the lower atmosphere following a period of rains. 
 
5.2. Material and methods 
The Santa Clotilde farm has been extensively described in other works (e.g., García-Gamero 
et al. 2021) so here we describe only the rain gauges that were installed along the opposite 
slopes and the methods of analysis of the profiles. 
A network of capacitance sensors, CS655 (Campbell Scientific), which started recording on 
24.11.2016, measured half-hourly soil moisture, electrical conductivity, and the 
temperature data. 
Figure 5.1 shows the seven sensors pits along two opposite slopes, one Southeast faced, 
SC4-SC6, and the other one North faced, SC7-SC10. The depth of sensors was 0.05, 0.15, 
0.25, 0.35, and 0.45 m. 







Figure 5.1.Location of the study site.  
Rain gauges were installed at five (SC10, SC8, SC7, SC6 and SC4) of the seven pits, to 
cover the slope. The rain gauges accurately measured rainfall depth activated by a bucket 
mechanism, with a collection area of 200 cm2, a resolution of 0.2 mm, and an accuracy of 
± 4%.              
Solar panels with a maximum power of 15 W at 12 V supplied the required maintenance 
and data recording energy. Two measurements periods have been selected to show the 
recharge and discharge processes of the soil profiles. A very suitable recharge period from 
27.02.2018 to 20.03.2018, when a prolonged autumn drought was truncated, leading to a 
rather wet spring throughout the Sierra Morena. Another period starting on 25.04.2019 
allows us to explore the soil response to incipient evaporation.  
5.3. Results and discussion 
The records of the 5 rain gauges installed in the cross-section of the valley do not present 
any appreciable orography-induced differences as can be observed in the comparison of the 
daily rainfall of Figure 5.2. Figure 5.2 shows the rainless days and the detractions 
attributed to the vegetation interception. The approximation to the line 1:1 allows the 
estimation of the rainfall from anyone of the rain gauges in the rainy days, independent of 
the misfunctions of the other ones due to accidental blockage of the reception are by fallen 
leaves. 
 






Figure 5.2.Comparison of daily rainfall,pscx, recorded in the rain gauges at different locations, SCx. 
The observed hyetographs during the recharge period on some February and March 2018 
days, depicted in Fig. 5.3, seem to follow a similar pattern with some high-intensity rainfall, 
in some cases up to 80 mm h-1, with a short duration, preceded and followed by pulses of 
lower intensity. 






Figure 5.3. Hyetographs registered in rain gauge SC10 in February and March 2018.  
Figure 5.4 shows the fast increase of moisture in all the soil profiles, until almost 
saturation, in this case at locations SC10, SC7 and SC5. In profile SC5 the moisture at the 
bottom increased almost suddenly between noon and midnight on March 1st, which could 
be attributed to a subsurface flow, from upslope given the reduced depth of the soil, 
underlain by unweathered granitic rocks. A similar effect may occur in profile SC7, although 
in this case, it is the bottom of the valley in which the subsurface flow of the Martin Gonzalo 
stream interfered. The increase in the soil moisture of the bottom of the soil profile, 0.45 
m, started at noon of February 27, shortly after the rainfall began, with another great rain 
pulse after midnight of March 1st. The evolution of these profiles is similar to that of the 
computed profiles of Basha (2002, fig.1; 2011, fig. 3) and different from those of Vachaud 
and Tony (1971, fig. 7) obtained during infiltration trials in sand columns and analyzed 
later by Salvucci and Entekhabi, (1995, fig. 7). The rainwater in the SC10 profile was 





moving relatively slower than in the experiments of Vachaud and Thony (1971) probably 
due to the lower rain intensity or the smaller size of the pores of the field soil and obstacles 
laid by the roots on them. 
In the profiles of the SFS, soil development is limited, therefore it was not possible to install 
sensors at the depths indicated. The SC4 location barely reached 0.3 m and the SC5 
location 0.40 m. On the other hand, on the NFS, depths of more than 1 m were reached, 




From the above curves, it is possible to estimate the amount of water present and that 
which infiltrates into the soil profile (Fig. 5.5). In this period no data were collected for 
locations SC8 and SC6 due to a transmission failure of the sensors. Note that successive 
pulses of rain did not increase the volume of water retained in the soil profile, which 
could be due in part to reduced infiltration because the soil is saturated, in the case of 
profiles SC4 and SC5, or to fast transmission of water by percolation at the bottom to 
the underlying aquifer in the case of locations SC8, SC9, and SC10. The volume of water 
in the SC4 location, or, more appropriately, depth when expressed per unit area, is 
lower than that of the other soils due to its shallower depth. 
 
Figure 5.4.Evolution of the soil moisture profiles observed at locations SC10, SC7 and SC5 during 
the rainy period of late February and early March 2018. 






Figure 5.5. Soil moisture evolution observed at locations SC4-SC10 during the rainy period of the 
end of February and early March 2018.  
Figure 5.6 shows the evolution of the soil moisture profiles, expressed as the effective 
saturation ratio, s, to better show the continuous refill of the soil pores. 
Also noteworthy is the fast discharge of the soils when the daily rainy is reduced, especially 
in soil SC7, which could be attributed to a very fast horizontal redistribution due to the 
porosity of the medium, which is part of the phreatic aquifer connected to the Martín 
Gonzalo Creek stream bed. At this time of the year, with a not very high air temperature, 
and in such an elevated area, the influence of evaporation is scarce. In some profiles, there 
could be partial obstructions of some pores similar to what has been called the tipping-
bucket, (Emerman, 1995) that allow the flow of water discretely. The evolution of the 
moisture profiles in the soil SC7 is similar to the measured profiles of Vachaud and Thony 
(1971, fig. 10), which could be attributed to the greater rainfall intensity of the latter 
laboratory experiment, 21.3 mm h-1. 
 






Figure 5.6. Evolution of the effective saturation ratio, s, observed at the different measurement 
locations during the rainy period at the end of February and beginning of March 2018. 
Figure 5.7 shows the gradual discharge of the soil after a series of rain pulses in a drier and 
warmer period at location SC4. In this case, evaporation proceeds uniformly because of the 
particle size distribution of the soil with large pores and fissures well connected, which 
facilitated the flow of water towards the surface in response to the gradient of the potential. 
The profiles are different from those of the Vachaud and Thony (1971, fig. 4) trials, 
although the smaller curvature of the field profiles suggested a better gradation of the pore 
sizes than in the sand used in the laboratory experiment. Some changes are also observed 
in the intensity of evaporation due to thermal oscillations in the exterior due to the spacing 
of the successive profiles.  






Figure 5.7.Evolution of the soil moisture profiles observed at location SC4 during the period 
without rain from April 25 to May 25, 2019.     
By integration of the soil moisture profile, and further comparison of the water depth in 
successive days, it is possible to estimate the loss of moisture, attributable in these 
conditions to evaporation, in the broad sense, thus including evapotranspiration. Figure 5.8 
shows the estimated daily evaporation intensity at location SC4 during the period without 
rainfall from April 25 to May 25. To compare these estimates with the potential or reference 
evaporation intensity, the calculated values of the reference evapotranspiration (ETo) from 
meteorological data measured at a station near the study area, Adamuz, of the Andalusian 
Agroclimatic Information Network (RIA 2021), using the FAO method (Allen et al. 1988), 
have also been inserted in the figure. 
 






Figure 5.8. Daily evaporation evolution at location SC4 during the period without rain 25 April to 
25 May 2019 (blue circles). Reference evapotranspiration calculated from meteorological data 
measured at the nearby Adamuz RIA station is shown as red circles.  
The estimated values of evaporation intensity are sensibly similar to those calculated at the 
Adamuz station during the first days till the eighth day when it starts to decrease in what 
could be estimated as the beginning of the second phase of evaporation (Or et al. 2013). 
The decreasing trend of evaporation intensity, e, seems to follow the exponential equation 
of Brutsaert (2014), with the parameters of the initial intensity, time 0, eo, and the 
normalization time, κ: 
𝒆 = 𝟒. 𝟐𝟕𝟔 ∙ 𝒆−𝟎.𝟎𝟒𝟏𝟕𝟔∙𝒕 (5.1) 
With a coefficient of determination R2=0.6238 for the set of 22 data pairs. The reference 
intensity 4.28 mm d-1 coincides with the Adamuz data and the normalized time, the inverse 
of the coefficient in the exponent, 23.9 days is close to the time in which the second phase 
of evaporation is close to the end, as shown in Figure 5.8. 





Figure 5.9 shows the water discharge in the period of Figure 5.7 but using effective 
saturation ratios. The control of the surface horizon on the evaporation rate, frequent in 
other soils as pointed out by some authors such as Kim and Lakshmi (2019) or Li et al. 
(2020) might not be very important in these field sites, since no differences were 
appreciated in the wetting profiles, figures 5.4 and 5.6, and dry-down figures 5.7 and 5.9. 
The memory of these soils, the time is taken for any anomaly, positive or negative, to 
dissipate (McColl et al. 2017) do not seem to be very high. On the other hand, there was 
not a large spatial variability in the soils, so, according to the criteria of Peterson et al. 
(2019), it is the average participation type, with reducing variation.  
 
Figure5.9.Evolution of the effective saturation ratio, s, observed at the different measurements 
locations during the period without rain from April 25 to May 10, 2019.  
 
 






The influence of the aspect of a slope on the hydrological processes that take place results 
in important modifications, not only in the soil but also in the vegetation that grows on 
them, in their formation, and the subsurface flow. Perhaps the influence is indirect, through 
the changes in soil moisture, as indicated by Berger and Entekhabi (2001), whose results 
stressed the relevance of the rainfall rate and the initial soil moisture for the generation of 
runoff at the watershed scale. 
The evolution of the soil moisture profiles revealed the importance of the downslope 
subsurface flow of water.  
 Water flow in these soils is very fast both during infiltration and evaporation processes. It 
does not appear that the upper horizon can exert much control over the water cycle, 
although the vegetation can also contribute by shading the surface, homogenizing the 
extraction by the roots, and contributing to the formation of smaller pores. 
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Temporal evolution of the piezometric level in a shallow 








TEMPORAL EVOLUTION OF THE PIEZOMETRIC LEVEL IN A SHALLOW AQUIFER IN 
GRANITIC SOILS 
ABSTRACT 
The piezometric levels of a hillslope aquifer on a granitic formation have been measured 
during experimental research on the hydrological, rock weathering, and soil-forming 
processes, in the Cordovan part of Sierra Morena, near the village of Cardeña, Spain. 
Tectonic fractures and chemical and biological weathering induce the formation of 
macropores that enhance the fast circulation of water from the soil surface to the 
phreatic aquifer through the vadose zone. 
The response of the water table to intense rain pulses is very quick. The large period 
between successive rain events allows the estimation of the Master Recession Curve 




The hillslopes channel the flow of both runoff water on the surface (D’Odorico & Rigon, 
2003), and, through their macropores, cracks, and fissures (Jarvis et al., 2016), the 
infiltrated water through the vadose zone to the water table (Rempe & Dietrich, 2018). The 
two water flows belong to the Earth System Models discussed by Fan et al. (2019). At the 
same time, the circulation of water through the porous media reinforces an active chemical 
front that gradually weathers the vadose zone, contributing to the soil formation (e.g., 
Brantley et al., 2017). 
The groundwater recharge can be related to the occurrence of the rain pulses (e.g., Besbes 
& de Marsily, 1984). In semi-arid and arid areas, aquifer recharge is discontinuous, 
resulting from rain pulses (Healy & Cook, 2002). Once in the saturated zone, in the aquifer, 
water may evaporate into the atmosphere either by upward flows to the surface horizons, or 




be absorbed by plant roots, transported to the stomata and, subsequently, transpired to 
the atmosphere (e.g., Meinzer, 1927; Schenk & Jackson, 2005), although extraction of 
water from deep aquifers is not very frequent. Alternatively, water can flow in the saturated 
zone to the aquifer boundary where it will be discharged into the surface fluvial network. 
The depth of the water table, therefore, depends on the occurrence of rainfall events. Some 
works suggested the possible use of it as an indicator of climatic fluctuations (e.g., Miguez-
Macho et al., 2008). 
The fluctuation of a shallow water table could be used for the estimation of the intensity of 
evapotranspiration as proposed by White in (1932) and adopted later with some 
improvements (Healy & Cook, 2002). Crosbie et al. (2005) adopted a time series method 
for the interpretation of the water table fluctuations, including the influence of some field 
observations like the Lisse effect (e.g. Weeks, 2002), caused by the presence of air in the 
aquifer. Later, Cuthbert (2010) introduced the solutions of the Boussinesq equation for 
water flow to explore not only the rainfall recharge but the slower water movement in the 
aquifer. The water table fluctuation methods give satisfactory results when compared with 
other methods for the estimation of watershed recharge (e.g. Labrecque et al., 2020).  
The hillslope hydrogeology has been based on Boussinesq's equation as Brutsaert (2005, 
Chap. 10), among other workers properly described. Brutsaert (1994) proposed the use of 
a solution of one of the several linearization forms of the Boussinesq equation to derive a 
unit response function. The method was developed by the Ghent University group (e.g., 
Pauwels & Uijlenhoet, 2018). Thereafter Dralle et al. (2014) integrated the linear 
Boussinesq equation with an auxiliary function, an exponential of a linear combination of 
time and space. More recently, Bartlett and Porporato (2018) have applied another function 
to integrate the same equation differently. 
The physical and chemical importance of water flow on the slopes requires special attention 
in areas where advanced weathering processes can be observed, such as the Cardeña 




surroundings in the Sierra Morena in Córdoba. This area can be considered a critical zone 
according to the accepted definition: “…a living, breathing, constantly evolving boundary 
layer where rock, soil, water, air, and living organisms interact. These complex interactions 
regulate the natural habitat and determine the availability of life-sustaining resources, 
including our food production and water quality” (https://czo-
archive.criticalzone.org/national/research/the-critical-zone-1national/), refining the general 
definition to stress the relevance and the great rate of the weathering processes, as well as 
the risks posed by the large and frequent drought periods.  
The purpose of this chapter is the analysis of the hydrological response of a hillslope to the 
rain pulses observed in an area of the Sierra Morena from November 2016 to November 
2018. 
  
6.2. Material and methods 
6.2.1. Study site 
The study site is located in Cardeña, northern region of Córdoba, within the Spanish 
natural park Sierra de Cardeña y Montoro, latitude 38.20° N, longitude 4.17º W, and 
elevation 700 m a.s.l. (Fig.6.1). This site belongs to a private farm, Santa Clotilde, an 
oak woodland savannah ‘dehesa’ in which the holm oak (Quercus Ilex L.) and annual 
grasses such as Lolium sp., Bromus sp., and Trifolium sp. are predominant.  
The average annual precipitation is 878 mm (from 1981 to 2010) and the mean 
temperature is 15.3ºC, January is the coldest month, with an average of 7ºC, and July the 
hottest, with an average of 25.4ºC (Andreu et al., 2013). The reference, or potential, annual 
average evapotranspiration is not very high due to the altitude of the area, 971 mm, which 
supports a green vegetation cover throughout most of the year.  The climate is classified as 
Bsk, (semi-arid cold) in the Köppen-Geiger classification (Peel et al., 2007). 




The soils in the study area are forming from granodiorite and granite materials of the Los 
Pedroches batholith(Carracedo et al., 2009). They belong to the Regosol, Leptosol, and 
Cambisol orders (IUSS Working Group WRB, 2014), or the Lithic Xerorthent subgroup in 
Soil Taxonomy (Soil Survey Staff, 1999). Their main textural classes are sandy and loamy-
sandy, with high stoniness and a thickness between 0.5 and 1.0 m (Román-Sánchez et al., 
2018).  
Sensors were installed on two opposite north and south-facing slopes, respectively. On the 
first, a network of three piezometers was set up, figure 6.1 (c) and (d), at a depth of 18.20 
m at the hilltop, 9.50 m on the mid slope, and 4.20 m at the hill base. The holes encasing 
the piezometers have a diameter of 0.076 m and are protected with PVC pipes in the first 
few meters. In the bottom of the piezometers, a pressure transducer (HOBO, Water level 
(30.5 m) Data Logger) was placed to measure the fluctuations of the water table and the 
water temperature at 15-minute intervals. Data was recorded over 2 years, from November 
2016 to November 2018. During this period, the hydrological conditions of the site have 
changed not only due to seasonal cycles but to some intense rainy spells and prolonged 
droughts. 





Figure 6.1. (a) Location of the Santa Clotilde farm in southern Spain, and (b) within the Martin 
Gonzalo watershed (c) the two hillslopes and (d) the longitudinal profile of the hillslope with 
groundwater flow, pointing out the less permeable bottom of the aquifer.   
6.2.2. Estimation of the daily rainfall recharge 
To evaluate precipitation-induced recharge, it is necessary first to detract the interception of  
the vegetation cover. Since the vegetation cover of  the experiment site is a dehesa with 
sparse trees and grasses vegetation cover lasting almost the whole year, threshold values 
such as those adopted by Laio et al. (2001) of  2 mm for trees and 0.5 mm for grass 
vegetation can be assumed. A weighted average of  1.5 mm was detracted from the rain 
depth of  every storm event. 
The net rainfall water infiltrates into the soil. Given the coarse character of  the soil and the 
rough surface, it is assumed that there is no runoff  generated by rain excesses. This 
hypothesis is supported by the practical absence of  runoff  flow marks on the site. 
The flow of  infiltrated water through the soil to the underlying aquifers can be regulated 




with a simple model based on a mass balance, or volume, admitting that at ambient 
temperature the density of  the water is constant. Alley (1984) proposed the use of  simple 
models such as the scheme of  Thorntwaite and Mather, which reduces the soil to a bucket, 
similar to that of  Milly (1994), but restricting the evapotranspiration rate to a linear 
function of  the available soil moisture. In this way, the actual evapotranspiration rate 
decreases with the moisture content. 
The daily input to the soil profile is the net rainfall, pnt, equal to  the rainfall depth, pt, minus 
the actual  potential evapotranspiration e0t  
𝑝𝑛𝑡 = 𝑝𝑡 − 𝑒0𝑡 (6.1) 
If  the net rainfall is nonnegative, pnt ≥ 0, the water content of  the profile at the end of  the 
day will be  
𝜔𝑡 = 𝜔𝑡−1 + 𝑝𝑛𝑡 (6.2) 
Nevertheless, if  this value is greater than the maximum field capacity value, there is a 
recharge, rct 
𝑟𝑐𝑡 = (𝜔𝑡−1 + 𝑝𝑛𝑡) − 𝜔0 
 
(6.3) 
The moisture of  the profile is set to the maximum  
𝜔𝑡 = 𝜔0 
 
(6.4) 
And the cumulative potential soil moisture loss is set to zero  
𝑐𝑒𝑡 = 0 (6.5) 
If  on the contrary there is no recharge, the cumulative water loss is readjusted to the value 






When the net rainfall is negative, 𝑝𝑛𝑡 < 0, the cumulative potential soil moisture loss 
increases 
𝑐𝑒𝑡 = 𝑐𝑒𝑡−1 − 𝑝𝑛𝑡 
 
(6.7) 
There is no recharge, 𝑟𝑐𝑡=0, and the water content in the soil profile will be 
𝜔𝑡 = 𝜔0𝑒
−𝑐𝑒𝑡
𝜔0⁄  (6.8) 
The values for soil moisture, ωt, recharge, rct, and cumulative potential water loss, cet, are 
summarized in Table 6.1. 




Table 6.1. Recharge and cumulative potential water loss adjust in the model 
t t rct cet 
> 0 0 (𝜔𝑡−1 + 𝑝𝑛𝑡) − 𝜔0 0 






Because of  the conditions of  the study area, the value of  potential evapotranspiration 
measured at the farm’s meteorological station is reduced by 75% due to vegetation cover, 
and the maximum moisture in the 30 cm of  the soil profile es estimated at 100 mm, based 
on the information obtained in the field by Díaz (2020). The excess of  soil water is 
considered the daily recharge rate. There are alternative models which could be useful too 
(e.g., Sala et al. 1992, Schlaepfer et al. 2012),  
6.2.3. A water budget in the aquifer to understand the fluctuations of the water 
table 
The stored water in the aquifer, Scf, changes ΔScf, considering the baseflow rate, Qfb, 
evapotranspiration rate from the water table, ETcf, and a change at a fast flow, caused, 
among other causes by pumping, ΔQcf. Then the recharge rate, R, all [LT-1], is evaluated 
as (Healy and Cook, 2002).                                                                                      
𝑅 = ∆𝑆𝑐𝑓 + 𝑄𝑓𝑏 + 𝐸𝑇𝐶𝑓 + ∆𝑄𝑐𝑓                             (6.9) 
The water table fluctuation method, WTF, is based on equation (6.4), when the 
contribution of baseflow, the evapotranspiration from the water table, and pumping are 
negligible. A relationship between the recharge rate and the time change of the water 
table level over the impermeable base, h, [L], time, t, [T], using the specific yield of the 












Although the specific yield of the aquifer is variable, as Childs (1960) and many other 
works (e.g. Hilberts et al. 2005, Dietrich et al. 2018) indicated, it could be assumed 
constant for a large area during a long period. Neuman (1987) strongly recommended 
the convenience of field measurements for the estimation of accurate specific yield 
values. For the application of the WTF method, the guidelines of Heppner and Nimmo 
(2005) refined by Nimmo et al. (2005) and contrasted by Heppner et al. (2007)  and 
Allocca et al. are very convenient, as shown by Heppner et al. (2007) in a wet zone. 
Nimmo et al. (2015) have refined the method and Allocca et al. (2015) in a karst aquifer 
in southern Italy among many other hydrologists.  
The master recession curve, or MRC, is a characteristic water table recession 
hydrograph that describes the behavior of the declining piezometric level near the 
observation site (Heppner and Nimmo 2005). Following the recommendations of 
Heppner and Nimmo (2005), the data were binned into reduced intervals. The simplest 






= 𝛼 + 𝛽ℎ (7.1) 
Integrating equation (7.1), with the initial condition of the level h0, in time t0, a temporal 




+ (𝛼 + 𝛽𝑧0)𝑒
𝛽(𝑡−𝑡0) (7.2) 
Equation (7.2) is a negative exponential of time similar to equation (16) by Brutsaert 
(1994), (24) by Dralle et al. (2014), or (24) by Bartlett and Porporato (2018), among 
other works 
6.3. Results 
6.3.1. Observed data 




Figure 6.2 shows the data collected in the study area between November 18, 2016, and 
November 29, 2018. This period comprised two very dry winters, from the day 65 to 
124 for the first one, 2016-17, and the second one, 2017-18, whose drought period was 
cut by rain spell on February 26, 2018, day 476, that continued intermittently during 
the spring, greening the whole landscape. 
 
Figure 6.2.Rain pulses and evolution of piezometric levels on the north-facing hillslope. 




The rain spell that started at the end of February 2018 had appreciable effects on the 
piezometric levels, figure 6.2, especially in the piezometers 1 and 2. The connection of 
Piezometer 3, located at the bottom of the valley very close to the Martín Gonzalo Creek, 
mitigated changes of the phreatic level. 
The level drops in the piezometers 1 and 2 were very similar as figure 6.3 displays. In 
this figure, the level data have been shifted in time to facilitate visual comparison.  
 
Figure 6.3. Decay of the levels in piezometers 1 (PSC1) and 2 (PSC2), during two drying periods. 
6.3.2. Estimated recharge values 
The WTF method developed by Heppner y Nimmo (2005) allows a more precise 
comparison of the behavior of the aquifer in the interval between storms than the visual 
inspection in figure 6.2. Figure 6.4 represents the relationship between the elevation and 
the decline rate of water table levels for the periods from 22.03.2017 to 16.02.2018 
(days 124 to 465), and from 04.04.2018 to 17.11.2018 (days 512 to 739). The daily 
data were binned within the same cluster, with some exceptions caused by the 
amplitude of the daily time scale. A similar figure was obtained by Allocca et al. (2015) 
for the aforementioned aquifer.  





Figure 6.4. Relationships between decline rate and elevation of the water table in the Piezometer 2 
for two drying periods, days 124 to 465, and days 512 to 739, measured from November 18 as in 
figure 6.2, using the WTF method by Heppner y Nimmo (2005). 
The estimated parameter values of the MRC are gathered in Table 6.2. The most 
valuable information was obtained from piezometer 1 in the second low water level 
period, as well as from the two periods in piezometer 2. The conditions of piezometer 3 
under the influence of slope and subalve flows restrict a similar interpretation.  
As has been observed in other cases (e.g., Krakauer & Temimi, 2011) the depletion 
curves, both for discharge and level analysis, are highly variable. Stoelzle et al. (2013) 
recommended the use of several alternative methods to study the depletion phase of 
aquifers and Deloitter et al. (2018) the comparison with additional piezometers.  
 
 




Table 6.2. Parameters of the MRC equation  
P Period α β n r2 
d m d-1 d-1   
1 124-469 -0.0299 -0.0143 12 0.1524 
513-713 0.164 -0.0345 6 0.9386 
2 124-465 0.245 -0.102 4 0.8778 
512-739 0.255 -0.0993 4 0.9924 
3 108-284 0.0767 -0.046 5 0.7145 
484-628 0.102 -0.058 4 0.9087 
P: piezometer; n number of level intervals. 
To estimate recharge using the WTF method, the parameter values for the part of the 
aquifer close to each piezometer shown in Table 6.3 are assumed.  
Table 6.3. Values of the parameters of the equation (7.1)  
Piezometer α, m d-1 β, d-1 
1 0.164 -.0345 
2 0.250 -.0977 
3 0.0894 -.0596 
 
Figure 6.5 compares the decline of piezometric levels with the values of the levels and 
the evolution of cumulative precipitation. It is important to highlight the recharge 
caused by the first rainfall pulses, particularly that of 21.11.2016 whose rain depth was 
96.6 mm which meant an increase of almost 8 m in piezometer 1, which is close to the 
data collected by Gleeson et al. (2009) in an extreme episode of fast snow melting in 
aquifers in fractured rock formations in Canada. In the study zone, granitic rock 
fractures promote preferential flows as described by Nimmo et al. (2017). Although the 
flow is fast, a part of the percolated volume of water must be retained by the 




macropores and fractures walls as well as in the rock matrix as indicated by Bailly-
Compte et al. (2010) or by Rathay et al. (2018).   
 
Figure 6.5. Decline (dh/dt) and piezometric levels (h) compared with the cumulative precipitation 
in the piezometers 1 (a) and 2 (b). 




The WTF method would allow to analyze the response of the piezometric levels to the 
recharge, using a characteristic step-response method as suggested by Besbes and de 
Marsily (1984) or Kirchner (2009) among many other works. However, without the 
contrast of the aquifer baseflow rate into the Martín Gonzalo Creek, is not possible to 
perform a precise analysis.  
Equation (7.0) can supply a first estimate of the specific yield of the aquifer. Figure 6.6 
compares the calculated specific yield values and the recharge intensity, which could be 
as moisture index for the vadose zone. The relation of this figure is similar to the 
relation shown by Acharya et al. (2012 fig, 11), especially figure 6.6 a, although the last 
one corresponds to steady-state conditions, and the scarcity of data does not allow 
greater precision.  
 
Figure 6.6. Comparison between Sy values and recharge intensity on piezometers 1(a) y 2(b). 
The values of the estimated specific yield are low, but close to those collected by Healy y 
Cook (2002, Table 1), or to those estimated by Chinnasamy et al. (2018) in a Rajasthan 
roso aquifer. The contribution of the aquifer to the baseflow of the Martin Gonzalo 
stream can be estimated, also approximately, when in equation (6.9) the recharge value 




is zero while the discharge, Qfb, is not. A value of Sy=0.03 has been considered from the 
data of figure 6.6. The estimation appears in figure 6.7, in which fluctuations are 
appreciated.  
 
Figure 6.7. Estimation of the discharge flow, baseflow, Qfb from the decline of the levels in the 
piezometers 1 (a) and 2 (b). 
These results are a first approach to be continued the aquifer analysis, and the 
evaluation of the transit times of the water in it to study the processes of weathering and 
soil formation in the area, which depend on them (e.g., Maher, 2010). 
Although water flow in the hillslope aquifer is fast, rivers and streams that circulate do 
not usually get dry during low water level periods due to the abundance and complexity 
of water flow in the watershed aquifers as occurs on a regional scale (e.g., Gleeson et 
al., 2011). 
6.4. Conclusions 
Aquifers formed in fractured granite rocks in Mediterranean regions under annual 
rainfall, around 800 mmyr-1, and reduced average annual potential evapotranspiration 
due to height, respond quickly to rain pulses, with the fast flow on hillslopes converging 




into river valleys. Fortunately for the maintenance of river circulation, the hillslope 
aquifers constitute only one of the many water inputs of the Sierra Morena.  
Analysis of the water budget in both the soil and the underlying aquifer is to understand 
the behavior of the system, although detailed information is needed to evaluate different 
processes such as recharge through precipitation and discharge to streams and rivers 
with greater accuracy. 
At a later stage of this work, the information needed to further refine the results noted 
here will be completed.  
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COULD TEMPERATURE INDICATE THE EVOLUTION OF SOIL MOISTURE?
ABSTRACT  
The use of heat as a hydrogeological tracer in phreatic aquifers is widely accepted. 
Nevertheless, heat has not been frequently used as a tracer of soil water except for a few 
cases. In this report, an analysis of the simultaneous evolution of soil moisture and 
temperature has been made to explore the feasibility of the use of heat as a tracer of the water 
recharge in the profiles of several soils formed on decaying granites in a watershed of the 
Sierra Morena near the village of Cardeña in southern Spain. 
Some solutions of the heat convection-diffusion equation under steady-state conditions have 
been applied to the estimation of the apparent thermal diffusivity of the soil and the average 
water recharge. 
The results show that the estimation of the apparent thermal diffusivity gives reasonable 
results whereas the estimation of the average water recharge yields greater values than what 
was expected. 
Furthermore refined treatments are required to get more accurate estimations of the average 
soil water recharge. 
 
7.1. Introduction 
The net radiation incident on the soil surface induces a heat flow on it, mainly carried by 
conduction by the direct contact between particles. This process is characterized by two 
characteristic soil parameters, the capacity to transfer heat, the thermal conductivity, λ, (Wm-
1K-1), which depends on the geometrical disposition of the particles and their respective 
contributions, as initially proposed by de Vries (1963), (see also Tarnawski and Leong 2016), 
and the volumetric heat capacity of the soil, Cs, (Jm-3K-1), which represents the specific energy 
required to increase the temperature, T, (C), per unit of volume. The equation that describes 
the temporal evolution of the soil profile temperature, at time t, and depth z, Eq. 7.1, is a 




typical diffusion equation, in which it is commonly admitted that the thermal conductivity does 
not vary in the process of heat conduction. Both the thermal conductivity and the heat capacity 
are combined in the thermal diffusivity, with the adjective apparent, due to its integrating 












When rainfall water infiltrates the soil, its temperature is usually different from that of the soil 
solution, inducing a heat flow with the subsequent change in the thermal profile. The energy 
input is represented in equation (7.2) by the density of water flux, q, the heat capacity of water, 
Cw, as well as by variation of thermal diffusivity to temperature, ∂/∂T, combined in a 


















Figure 7.1 shows the temperature evolution in one of the measurement profiles that will be 
described in the Material and methods section, comparing the soil and air data, from February 
28 to March 13, 2018, when, after a prolonged autumn and winter drought, a rain spell of 
several days occurred. The soil thermal changes with rain are evident in figure 7.1.   
 





Figure 7.1. Precipitation and temperature evolution at the surface and different depths in the SC10 
soil profile. 
Petroleum geophysicists had observed in the 1930s that the flow of water and other fluids 
modified the thermal gradients in the Earth’s crust as indicated by Bredehoeft and 
Papadopoulos (1965). Almost simultaneously, but apparently in an independent form, 
Stallman (1965) and Suzuki (1960) proposed the analysis of soil temperature to estimate the 
vertical flow of water in the soil, applying an apposite solution to the heat conduction-
convection equation that was in the book of  Carslaw and Jaeger (1959 § 15.2.III). In his work 
Stallman (1965) suggested that the detection limit of this method was about 3 mm d-1. Is it 
possible to use it on shallow measurements of soil temperature measured in the field? 
In this work, some observations from a field trial are analyzed with the solution of the heat 
conduction-convection equation to estimate the value of its parameters and to check the 
recharge or discharge rates on them.  





7.2.  Material and methods 
7.2.1. Characteristics of the field trial 
Between June and July 2016, in a private farm, Santa Clotilde, an oak woodland savannah or 
‘dehesa’ located in Cardeña, southern Spain, latitude 38.20° N, longitude 4.17º W, and 
elevation 700 m a.s.l.,   a capacitance sensor network measuring moisture, temperature, and 
the electric conductivity of soil solution, CS655 (Campbell Scientific), was installed and started 
recording on 24.11.2016. The sensors were located at different depths (0.05, 0.15, 0.25, 0.35, 
and 0.45m) along two convergent slopes, north-south, in seven locations SC-10 to SC-4. 
Measurements were recorded half-hourly. Solar panels with a maximum power of 15 W at 12 V 
provide the required energy for maintenance and data recording. 
Climatic data, daily precipitation, and air temperature were recorded by an automated weather 
station installed by the Andalusian Institute of Agriculture Research and Training (IFAPA) in an 
area close to the study site. Additional rainfall information was supplied by rain gauges 
installed near the soil pits, every 10-min.    
7.2.2. Soil heat conduction-convection equation 
Although in some cases the recharge has been assumed to vary temporally sinusoidally (e.g. 
Wang et al., 2012), the available precipitation data recommended the use of daily pulses. A 
sinusoidal variation of temperature at the soil surface described as a Fourier series with several 
harmonic terms with a mean value T0, an amplitude An, and a phase angle ϕn for each 
harmonic n is admitted.  




The solution of the heat conduction-convection equation subject to condition (7.4) was 
presented by Carslaw and Jaeger (1959, 15.2.14) 




𝑇(𝑧, 𝑡) = 𝑇0 + ∑ Ξ𝑛(𝑧)
𝑛ℎ
𝑛=1
𝑐𝑜𝑠[Ω𝑛(𝑧, 𝑡)] (7.5) 
with 
Ξ𝑛(𝑧) = 𝐴𝑛𝑒𝑥𝑝 [
𝑊𝑧
2𝜅
(1 − 𝛼)] 





The parameters αn and βn are 
𝛼𝑛 = 2











2 − 1)1 2⁄  
(7.7) 
The value of both parameters, the apparent thermal diffusivity,, and the apparent heat 
convection parameter, W, were estimated by minimizing the sum of the square of the 
differences between measured and calculated temperatures for the level immediately below the 
surface. This solution has been used in other hydrological problems such as the attenuation of 
water flow fluctuations in soil (Bakker & Nieber, 2009). 
However, in many cases, a single harmonic may be sufficient to adjust the temperature 
evolution at the soil surface. Thus,  the estimation of the parameter values, W and κ is 
simplified as advanced by Gao et al. (2003) and Gao (2005) although their solutions are 
incomplete misprint. This method was first proposed by Suzuki (1960) for the estimation of 
the water percolation rate in a paddy field and extended later with greater detail by Stallman 
(1965) for the assessment of the seepage rate from water channels and the return flow from 
irrigated areas. In this method, the semi-amplitudes, A1, and A2, and the phase angles, 1 and 
2, observed in the evolution of daily soil temperatures at the respective depths z1 and z2 were 
related to the parameters of the conductive, κ, and convective heat flow, W. Therefore, from 
the semi-amplitudes 
𝐴1 = Ξ1(𝑧1) 𝐴2 = Ξ1(𝑧2) (7.8) 
and from the phase angles 




Φ1 = Ω1(𝑧1, 0) Φ2 = Ω2(𝑧2, 0) (7.9) 







(1 − 𝛼) 
(7.10) 









Equations 7.10 and 7.11 are a system of equations whose unknowns, the values of the 
parameter, κ, and W can be found. 
However, as Carslaw and Jaeger (1959)  warned, these solutions are valid when a steady-state 
regime has been reached. Wiltshire (1982, 1983) explored in detail the more general solution 
of heat conduction in the soil. Philip (1973) explained the possible errors due to the 
assumption of a constant apparent thermal diffusivity value especially in dry soils or arid 
regions. 
In the case of rainless, the apparent thermal diffusivity may be estimated by one of the 
methods suggests by Horton et al. (1983), such as the amplitude difference method, which 
was successfully used by Verhoef et al. (1996) in their field campaign. The amplitude 
difference method is based on a solution to the diffusive heat flow equation without convection, 
Carslaw, and Jaeger (1959, § 2.6.18) 

















In the case of a single harmonic an expression for estimating the value of the apparent thermal 















The daily average temperature of the air showed two distinct drops that were detected in the 
mean soil temperatures, as shown in Fig.7.2. 
 
 
Figure 7.2. Mean temperatures of air and upper soil horizons at SC10. 
Soil temperature is very dependent on external weather conditions, as illustrated below.  
The effect of the sudden drop of the air temperature was detected in the soil profiles at SC10 
location, although not in soil moisture, at least on March 5,6, 11, and 12, 2018, as is shown in 
Fig. 7.3.  
 





Figure 7.3. SC10 soil moisture and temperature profiles measured at midnight. 
The temperature of the closest point to the surface, 0.05 m depth, was adopted as the surface 
temperature, given its proximity to the atmosphere. The estimated values of the parameters 
are shown in table 7.1 from the half-hourly measured temperature at the depth of 0.15 m. The 
estimated value of the parameters W and  shown in Table 7.2 were obtained with the 
measured data of February 28, 2018, whose profile was selected from those plotted in Fig. 7.1 
and 7.3. Figure 7.4 permits a comparison of the goodness of fit. The surface temperature fit 
with 4 harmonics allows a better approximation to the measured temperature, but with a 









Table 7.1. Average temperature, T0, semiamplitudes, Ai, and phase angle i, of the daily soil 
temperature measured at 0.15 m depth, site SC10, day 28.02.2018. 
Harmonics, i T0, C Ai, C ϕi 
 9.33   
1  .387 .721 
2  .148 -1.16 
3  .039 1.59 
4  .006 2.31 
 
Table 7.2. Fourier series fit parameters to surface soil temperature, site SC10, day 28.02.2018 
Harmonics W, md-1 , m2d-1 eNS 
1 .160 .099 .758 
4 .275 .065 .844 
 
 
Figure 7.4. Comparison of temperatures measured at 0.15 m depth at site SC10 on February 28, 
2018, with the values obtained with the solution of the convective and diffusive heat flow equation 
from the one- and four-harmonic surface temperature fit. 
The values of the convection coefficient W, given in Table 7.2 are high because, considering a 
volumetric heat capacity for water  Cw=4.18 MJ m-3K-1, and for soil Cs=2.0 MJ m-3K-1, and, 




assuming a depth uniform apparent thermal diffusivity, the value of the estimated soil water 
recharge is about  q=76 mm d-1 using a single harmonic and  q=130 mm d-1 with the four 
harmonics, which are higher than the registered precipitation. Precipitation can indeed vary 
locally and that water flow can be concentrated in soil macropores, but even so, these results 
are excessive. Interestingly Hu et al. (2016) obtained results of the same order, 206 mm d-1, 
but, although their goodness of the fit analysis was apparently satisfactory they did not present 
the measured water recharge rate.  
 
7.3.1.  Evolution of thermal apparent diffusivity estimated from soil temperature data 
measured at location SC10  
Using the diffusivity expression, we have obtained the data shown in Fig. 7.5: 
 
Figure 7.5. Evolution of the estimated apparent thermal diffusivity in the surface 0.15 m of the soil at 
site SC10, and of the mean soil moisture in the profile.  
The apparent thermal diffusivity fluctuates with soil moisture as already indicated by de Vries 
(1963). If both magnitudes are compared as shown in Fig.7.6, a relationship very similar to 
that obtained by  Jackson and Kirkham (1958) was found.  
These results seem to confirm that the estimates of the apparent thermal diffusivity of the soil 
deduced from the in situ temperature measurements are reasonable, which also implies the 
goodness of the data obtained by the sensors.  






Figure 7.6. Relation between the estimated apparent thermal diffusivity in the surface 0.15 m with the 
effective saturation ratio.  
 
7.4. Conclusions 
Although the estimation of the apparent heat convection parameter with the solution of the 
heat conduction-convection equation in the soil assuming steady-state conditions is 
overestimated, both this solution and that of heat transport by conduction allow the evaluation 
of the apparent thermal diffusivity of the soil from the temperature data measured by the 
sensors in the field.  
The estimation of the soil water recharge with thermal measurements requires a more detailed 
analysis. 
The apparent thermal diffusivity data showed the influence of soil moisture is reasonably 
considered. 
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Conclusions and Future Research 
 





8.1. Conclusions and Future Research 
The interaction between soil, plant and water with the atmosphere and underground stores is 
essential to sustain life on the planet. This dissertation is dedicated to a small area where by a 
concurrence of different factors the granite rocks are weathered at an appreciable rate. Under 
the current evolution of erosive processes, we need to understand better the mechanisms of 
soil formation. The dissertation considers a reduced aspect: the role of water on soil evolution. 
Hydrological flow in the soil is an important agent in soil formation. This interaction plays a 
decisive role in weathering, physical and chemical, of the parental material, and together with 
erosion and deposition processes modify slopes.  The information contained in this Thesis 
summarizes a long period of field measurements in an interesting zone not only for the 
physical processes involved but for the socioeconomic relevance for the Mediterranean 
environments. Krueger et al. (2021) pointed out that the use of soil moisture-based tools 
improves grassland biomass production estimates incorporating it into mechanistic models 
that are usually precipitation-based.  
In chapter 2, a detailed soil moisture analysis unravels the control exerted by the slope aspect 
on hydrologic flows. The water holding capacity is expanding on the noth-facing slope (NFS) 
due to the deep layer of highly weathered material extending beneath the soil, as opposed to 
the south-facing slope (SFS) where the soil is underlied by bedrock directly. This allows for 
more vegetation on the NFS compared to the SFS. On the latter, soil moisture, and Normalized 
Difference Vegetation Index (NDVI) has a strong correlation while on the NFS the correlation is 
weak with soil moisture and good with the water table, indicating that vegetation uptakes water 
from different water pools on the NFS, rock moisture and saturated zone.  




In chapter 3, the 1-D model SoilGen was applied to the simulation of the pedogenesis and the 
measured chemical weathering status over a 20000-year period. The variability of the index 
Chemical depletion fraction (CDF) values is apparenty better explained by hydrological 
variables, i.e. soil water recharge and discharge, than by the topography.  Despite the 
complexity of the catena and the hydrological conditions, a good correspondence was obtained 
between modelled and measured CDF. For the profile average chemical weathering, maximum 
values were observed for intermediate precipitation values, around 800 mm. The results 
showed a marked depth gradient for rainfall under 800 mm for the CDF, but it showed a 
uniform depth distribution for precipitation above 800 mm. 
In chapter 4, the analysis of temporal stability (TS) of soil moisture shows that the 
monitoring locations situated on the NFS generally show higher temporal stability of the 5 
different depths at which soil moisture measurements are taken. On the contrary, the 
points located in the valley show lower TS.  The applied Principal Component Analysis 
(PCA) showed two independent Principal components (PCs) describe 97.5 % of the full soil 
moisture dataset’s variance. The dominant pattern PC1, which explains 92.5 % of the 
variance, might be identified with climate. While PC2, which explains 5.1 % might be 
identified with topography.  
In chapter 5, water flow in these soils is very fast during both, infiltration and evaporation 
processes. The topsoil does not exert much control over the water cycle, although the 
vegetation role is not neglectable due to surface shading, uptake homogenizing, and 
development of small pores in the soil profile. The influence of the slope aspect on the 
hydrological processes induces important modifications, not only in the soil but also in the 
vegetation that grows on them, in their formation, and the subsurface flow. The evolution of 
the soil moisture profiles revealed the importance of the downslope subsurface flow of water.  




In chapter 6 it is shown that the aquifers formed in fractured granite rocks in 
Mediterranean regions respond quickly to rain pulses, with the fast flow on hillslopes 
converging into river valleys. Analysis of the water budget in both the soil and the 
underlying aquifer is to understand the behavior of the system, although detailed 
information is needed to evaluate different processes such as recharge through 
precipitation and discharge to streams and rivers with greater accuracy.  
In chapter 7, the influence of soil moisture in the apparent thermal diffusivity () data has 
been explored. Although the estimation of the apparent heat convection parameter (W) with 
the solution of the heat conduction-convection equation in the soil assuming steady-state 
conditions is overestimated, both this solution and that of heat transport by conduction 
allow the evaluation of  of the soil from the soil temperature data measured by the sensors 
in the field. The estimation of the soil water recharge with thermal measurements requires a 
more detailed analysis. 
 
As a result of this thesis, some research lines emerge as a priority for the further research 
effort. A better description of the weathering front, or boundary between fresh and 
weathered bedrock, is needed given the evident irregularity of the rocks distribution and the 
surface relief. This information is required to improve our knowledge of the soil and 
landscape evolution (Phillips et al., 2019).  In the field, soil profile description has been 
considered down to approximately 1-meter depth and in the up to 18 m boreholes, taken to 
install the piezometric wells, the soil was not distinguished from the saprolite.  The direct 
examination of weathering profiles or cores might be complemented with geophysical 
methods such as electrical resistance tomography and seismic methods that can identify 
deeper boundaries with intact bedrock (Olesen et al., 2013). 




The second line of future research would be the measurement of actual evapotranspiration 
because it considers the effect of the slope aspect on vegetation attributes. Any option to 
measure evapotranspiration had been considered very complicated at this scale and this 
terrain. However, Heusinkveld et al. (2006) developed simple, portable, and affordable 
microlysimeters to measure dew formation and evaporation in both flat and slope areas in 
the Negev Desert (Israel). Based on their design Uclés et al. (2013) designed their low-cost 
microlysimeters, which were installed in a steppe semiarid Mediterranean ecosystem, with 
different cover types to measure non-rainfall atmospheric water input, an important water 
source in this and the previous one study environments.  
Last but not least, a third line of research should focus on the evaluation of the overland 
and groundwater flow. Since the 2000s, there has been growing interest to document 
groundwater and surface water interactions to protect both resources, from a 
multidisciplinary perspective (Woessner, 2000). The available measuring methods of the 
interaction are numerous:  direct measurements of water flux, heat tracer methods, 
methods based on Darcy’s Law, and mass balance approaches (Kalbus et al., 2006).  
However, because this interaction encompasses several scientific disciplines, the 
characterization, quantifying, and modelling of groundwater-water surface interactions are 
still challenging (Lewandowski et al., 2020).  
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